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SUMMARY 


Fatigue  testing  apparatus  for  simultaneous  application  of  high-frequency, 
low-frequency,  and  static  loading  was  designed  and  constructed.  The 
equipment  provided  for  the  introduction  of  high-frequency  vibratory 
energy  at  15,000  cycles  per  second  at  one  end  of  a  sp  men  and  static 
loading  and  low-frequency  vibration  at  2000  cycles  per  minute  at  the 
opposite  end.  Specimens  with  a  necked-down  test  section  were  designed 
for  resonance  at  the  high  frequency,  and  the  specimen  holding  arrange¬ 
ment  insured  effective  delivery  of  the  high-frequency  energy  into  the 
specimen. 

The  feasibility  of  the  apparatus  as  a  fatigue  test  instrument  was  demon¬ 
strated  in  limited  tests  on  integral  specimens  of  JU3li0  steel,  201k-T6 
aluminum  alloy,  and  6A1-1*V  titanium  alloy,  and  on  Joint  specimens  of 
U3li0  steel  involving  fusion-welded,  riveted,  adhesive -bonded,  and 
brased  Joints.  With  constant  low-frequency  and  static  loads,  the  speci¬ 
mens  generally  demonstrated  shorter  elapsed  time  to  failure  as  the  high- 
frequenoy  power  input  was  increased.  The  titanium  alloy,  however,  ap¬ 
peared  to  be  insensitive  to  the  high-frequency  vibration  at  the  power 
levels  used,  possibly  because  of  its  internal  hysteresis  characteristics. 

The  equipment  provides  a  means  for  laboratory  testing  of  materials  and 
joint  designs  for  knowledge  of  materials  behavior  ur.der  conditions  en¬ 
countered  in  rocket-propelled  vehicles.  It  was  recommended  that  compre¬ 
hensive  fatigue  testing  be  carried  out  with  this  apparatus  and  that 
methodology  be  evolved  for  evaluation  and  use  of  the  test  data. 
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FOREWORD 


This  report  oovere  the  work  accomplished  in  Phase  I 
of  an  extended  program  of  development  of  equipment 
and  techniques  for  high-frequency  vibratory  testing. 
The  report  was  prepared  by  Aeroprojects  Incorporated, 
West  Chester,  Pennsylvania,  under  Army  Contract  No 
DA  Uli-177-AMC-257(T) .  Dr.  Robert  L.  Echols,  Chief, 
Physical  Sciences  Laboratories  Division,  U.  S.  Army 
Aviation  Materiel  Laboratories,  Fort  Eustis,  Virginia, 
served  as  Project  Officer. 
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INTRODUCTION 


The  objectives  of  this  work  were  to: 

1.  Establish  the  present  state  of  the  technology  in  high-frequency 
fatigue  testing  and  material  properties. 

2.  Provide  a  compound  fatigue  loading  apparatus  capable  of  simul¬ 
taneously  applying  high-frequency  loading,  normal -frequency 
loading,  and  static  loading. 

3.  Provide  instrumentation  to  study  high-frequency,  static,  and 
low-frequency  loading. 

li.  Establish  the  feasibility  of  the  system  for  testing  materials 
and  assembled  Joints. 

5>.  Analyse  the  results  and  evaluate  the  effectiveness  of  the  equip¬ 
ment  for  fatigue  testing. 

Conventional  fatigue  tests  are  carried  out  at  low  frequencies  ranging 
from  a  few  hundred  to  a  few  thousand  cycles  per  minute.  These  frequencies 
adequately  simulate  the  vibration  encountered  with  most  land-operated 
equipment,  such  as  machinery  or  automotive  apparatus.  In  Jet  and  rocket 
engines,  the  combustion  process  emits  high-intensity  acoustic  waves  at 
both  eonic  and  ultrasonic  frequencies.  For  example,  a  ^OOO-pound-thrust 
Jet  engine  can  have  a  sound  spectrum  ranging  from  30  cycles  per  second 
to  well  over  10,0C0  cycles  per  second  (reference  9).  These  sound  waves 
penetrate  all  parts  of  the  vehicle,  which  may  be  carrying  substantial 
static  loads,  and  act  to  produce  widely  varying  cyclic  amplitudes  through¬ 
out  the  structure.  The  vibratory  amplitude  may  be  increased  drastically 
doe  to  resonanoe  of  discrete  parts  of  the  structure.  Performance  of  the 
materials  and  structures  is  thereby  i’lfluenced,  and  in  some  instances 
fatigue  failure  can  occur. 

Substantial  work  »  currently  being  done  in  eonic  fatigue  test  facilities 
(reference  1)  to  simulate  servioe  loading  conditions.  High  noise  levels 
are  generated  usually  by  Jet  engines,  sirens,  or  loud  speakers,  operating 
either  at  a  discrote  frequency  or  over  a  broad  frequency  spectrum  which, 
in  a  few  instances,  oovers  the  range  up  to  10,000  cycles  per  second,  but 
rarely  higher.  Since  the  generated  sound  is  nearly  always  airborne,  it 
is  exceedingly  difficult  to  control  the  stress  imposed  on,  or  the  strain 
induced  in,  the  specimen  or  structure.  Such  control  oan  best  be  achieved 
by  direct  coupling  of  the  speoimen  to  a  controllable  source  of  vibratory 
energy,  as  in  conventional  fatigue  measurements. 
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At  the  outset  of  this  investigation,  tho  available  literature,  both 
domestic  and  foreign,  was  reviewed.  Reported  efforts  along  this  line 
ippear  not  to  have  been  carried  beyond  the  laboratory  stage,  and  inves¬ 
tigators  have  recognized  the  difficulties  in  transmitting  significant 
amounts  of  high-frequency  vibratory  energy  into  test  specimens.  More¬ 
over,  the  available  literature  xhibited  no  indications  that  high- 
frequency  fatigue  loading  had  been  combined  with  static  and/or  low- 
frequency  loading. 

The  equipment  evolved  in  the  present  work  goes  well  beyond  the  appa¬ 
ratus  utilized  by  previous  investigators:  It  provides  for  the  sinul- 
tanecus  application  of  three  discrete  types  of  loading.  It  includes 
a  mounting  method  for  the  high-frequency  energy  source  so  that  losses 
to  the  support  structure  are  negligible,  and  significant  and  controlla¬ 
ble  amounts  of  energy  can  be  transmitted  into  the  specimen. 

The  high-frequency  system  consisted  of  an  ultrasonic  transducer-coupling 
system  operating  at  a  nominal  frequency  of  15,000  cycles  per  second. 
Low-frequency  loading  was  applied  with  a  mechanical  device  comprising 
counterrotating  eccentrically  loaded  disks.  Static  biasing  loads  were 
applied  via  pneumatic  cylinders  connected  to  a  high-pressure  nitrogen 
cylinder. 

A  sophisticated  specimen  configuration,  compatible  with  both  mounting 
and  Joint  requirements,  providing  response  and  performance  character¬ 
istics  suitable  for  fatigue  evaluation,  and  designed  to  be  resonant  at 
the  high  frequency,  was  developed. 

To  demonstrate  the  feasibility  of  the  system,  a  limited  number  of  speci¬ 
mens  were  cyclically  loaded  to  failure.  The  results  were  encouraging; 
sensitivity  to  high-frequency  input  was  shown  in  steel  specimens  and 
relative  insensitivity  in  titanium  alloy  specimens.  The  potential  find¬ 
ings  concerning  internal  hysteresis  characteristics  of  a  material  or  a 
Joint  by  this  procedure  suggest  that  the  system  may  be  a  valuable  tool 
for  the  comparative  evaluation  of  structural  configurations. 
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STATE-CF-THE-ART  LITERATURE  REVIEW 


OR  HIGH -FREQUENCY  FATIGUE  TESTING 


Review  of  the  literature  (preeented  in  detail  in  Appendix  I)  indicates 
eporadio  interest  for  a  number  of  years  in  high-frequency  vibratory  test¬ 
ing  of  materials  as  a  means  of  accelerating  conventional  fatigue  testing. 
Limited  experimental  work  has  been  carried  cut  in  the  United  States, 
England,  France,  Qermany,  Japan,  and  Russia. 

Most  of  the  effort  to  date  in  this  direction  has  been  on  a  laboratory 
scale,  oriented  to  developing  high-frequency  equipment,  obtaining  pre¬ 
liminary  data  for  selected  materials,  attempting  comparisons  of  high- 
frequency  with  low-frequency  test  results,  or  merely  evaluating  the 
behavior  of  materials. 

Various  types  of  systems  have  been  used  to  genente  the  high-frequency 
vibration.  Some  of  the  earlier  devices  were  pneumatic  resonance,  elec¬ 
tromagnetic,  or  electrodynamic  vibrators,  which  were  restricted  as  to 
the  maximum  frequency  obtainable  (generally  below  about  1*000  cycles  per 
second,  although  somewhat  higher  in  some  instances).  Most  of  the  more 
recent  work  has  utilised  transducer-ooupling  systems  incorporating  mag- 
no  tos trie tive,  pieioelectric,  or  electrostrictive  transducers,  and  gen¬ 
erally  operating  at  frequencies  in  the  range  of  15,000  to  25,000  cycles 
per  second. 

The  use  of  frequencies  above  about  5000  cycles  per  second  vas  first  sug¬ 
gested  in  1932  (reference  1*),  but  it  was  not  until  1950  (reference  7) 
that  practical  apparatus  for  this  purpose  was  evolved.  The  arrangement 
then  described  by  Mason,  consisting  of  a  transducer  driving  through  a 
shaped  coupler  (to  amplify  the  vibratory  displacement)  into  a  dumbbell¬ 
shaped  specimen,  became  the  general  design  used  by  most  subsequent  in¬ 
vestigators.  Mason  used  his  array,  not  to  determine  fatigue  life,  but 
rather  to  examine  the  behavior  of  metallic  materials  during  stressing 
to  failure.  Others  used  equipment  of  this  type  for  determining  the 
fatigue  life  of  materials. 

The  advantages  of  high-frequency  fatigue  as  a  replacement  for  conven¬ 
tional  (low-frequency)  tests  have  been  variously  reported  to  Include 
the  greatly  increased  speed  of  testing,  the  possibility  of  extending 
such  teste  beyond  the  present  limit  of  about  10?  cycles,  the  economy 
and  ease  of  operation,  the  absence  of  moving  parts,  and  the  absence 
of  noise. 

However,  correlation  of  the  high-frequency  with  the  Z.ow-f requency  re¬ 
sults  is  reoogniied  to  be  a  problem.  In  some  instances  fatigue  life 
(in  number  of  cycles)  was  signif icantly  extended  at  high  frequencies; 
in  others  the  fatigue  limit  at  a  given  number  of  cycles  was  Increased. 
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One  investigator  (reference  3)  found  no  significant  difference  in  re¬ 
sults  at  60  oyoles  per  second  and  at  17,^00  cycles  per  seoond,  although 
he  recognised  that  the  high-frequency  vibratory  amplitudes  achieved  in 
the  specimens  with  his  equipment  array  were  small. 

It  is  significant  that  all  of  the  reported  work  involved  oyolic  stress¬ 
ing  of  the  specimens  only  in  axial  tension-compression.  In  no  Instance 
was  the  high-frequency  excitation  superimposed  on  a  static  load  to  pro¬ 
duce  cyclic  stress  in  tension-tension,  nor  was  high-frequency  superim¬ 
posed  on  low-frequency  stressing.  Apparently  no  high-frequenoy  system 
has  been  used  to  evaluate  fatigue  in  bending,  torsion,  or  other  modes. 
Except  for  limited  experimentation  with  simulated  turbine  blades,  the 
technique  has  not  been  applied  to  actual  components  or  assemblies,  but 
only  to  materials.  Thus  there  remain  broad  areas  for  further  experimen¬ 
tation  in  the  field. 
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SPECIMEN  DESIQN  AND  FABRICATION 


The  teat  specimen  requirements  were  dictated  by  consideration  of  material 
properties  in  conjunction  with  anticipated  static  and  low-frequency  load 
levels.  In  addition,  the  specimen  and  its  supports  were  required  to 
respond  appropriately  to  the  high  frequency,  with  an  elastic  standing 
wave  in  the  specimen  locale  being  evaluated.  Appendix  II  presents  an 
analysis  of  the  relationship  between  critical  dimensions  of  the  specimen 
to  concentrate  the  high-frequency  cyclic  stress  at  the  center  of  the 
specimen.  For  convenience,  this  relationship  was  evolved  for  cylindri¬ 
cal  specimens;  its  pertinence  to  a  flat-sheet  configuration  is  evident. 

This  analysis  indicates  that  the  test  section  of  the  specimen  should  have 
a  length  equal  to  one  half -wavelength  at  the  frequency  of  operation 
(15,000  cycles  per  second)  in  the  material  comprising  the  specimen,  and 
that  the  overall  length  of  the  specimen,  dua  to  prac  ical  considerations, 
should  be  equal  to  three  half-wavelengths. 

Three  specimen  materials  were  selected  for  evaluation  of  the  fatigue  ap¬ 
paratus:  AISI  U3ii0  steel,  2011j-T6  aluminum  alloy,  and  6Al-i*V  titanium 
alloy.  Pertinent  properties  of  these  materials  are  presented  in  Section 
A  of  Table  I. 

Consideration  was  given  to  the  requirements  for  static,  low-frequency, 
and  high-frequency  loading  of  specimens  of  the  above  design,  which  would 
provide  guidance  for  design  of  the  fatigue  apparatus. 

Section  B  of  Table  I  shows  the  static  force  required  to  stress  a  specimen 
of  each  material  to  its  yield  point.  Although  such  a  magnitude  of  static 
stress  was  not  contemplated  for  this  work,  these  data  provided  a  reasona¬ 
ble  load  factor  for  machine  design  that  would  permit  testing  larger  spec- 
mens  or  specimens  made  of  higher  strength  materials.  The  requirements 
for  a  static  force-application  system  to  apply  such  loads  are  also  de¬ 
lineated. 

The  design  conditions  for  the  low-frequency  loading  system  are  summarised 
in  Section  C  of  Table  I.  These  conditions  were  based  on  the  r.ae  of  coun¬ 
terrotating  weights  capable  of  cyclically  loading  the  specimen  to  one-half 
their  yield  strength.  A  rotational  speed  of  2000  rpm,  providing  low- 
frequency  stressing  at  about  2000  cycles  per  minute,  was  seleoted.  The 
radius  arm  and  eocentric  mass  were  calculated  to  provide  the  required 
loading  at  this  rotational  speed. 

The  conditions  for  high-frequency  loaaing  in  Section  E  of  Table  I  are 
based  on  information  previously  obtained  in  our  laboratory  (reference  6) 
for  the  steel  and  titanium  alloy.  Comparable  information  was  not  availa¬ 
ble  for  the  aluminum  alloy,  but  the  requirements  for  this  material  are 
substantially  less  stringent.  The  data  were  computed  for  an  operating 
frequency  of  15,000  cycles  per  second. 
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TABLE  I 


MATERIALS  DATA  FOR  FATIGUE  TEST 


201ii-T6 

6Ai-av 

U3h0  Steel, 

Aluminum 

Titanium 

Property  and  Unit 

Normalised 

Alloy 

Alley 

A.  Physical 

Ultimate  Strength,  pei 

12^,000 

67,000 

lh3,000 

Properties 

Yield  Strength,  psi 

1C3,000 

60,000. 

136,900 

Young's  Modulus,  psi 

30.9  x  106 

10.2  x  106 

16.5  x  106 

Sound  Velocity,  m/sec 

5,200 

5,000 

5,080 

Density,  gm/cc 

7.85 

2.80 

U.U3 

B.  Static 

Fores  to  Yield,  lb 

6,030 

3,515 

8,020 

Piston  Oas  Pressure,  psi 

200 

200 

200 

Cylinder  Diameter,  in. 

5.50 

a. 13 

6.33 

C.  Low- 

Stress,  psi 

±5i,2X> 

±30,000 

±68,a50 

Frequency 

Force,  lb 

3,015 

1,708 

a,  010 

Rotation  Rate,  rpm 

2,000 

2,000 

2,000 

Radius  Arm,  in. 

3.28 

1.86 

a. 36 

Eccentric  Mass,  lb 

8.1 

3.1 

8.1 

D.  High- 

Fatigue  Strain,  in. /in. 

0.7  X  10-3 

_ 

i.a5  x  10-3 

Frequency 

Fatigue  Stress,  psi* 

±21,560 

- 

±23,925  , 

Max.  Vibratory  Displacement,  in. 

1.52  X  10-3 

- 

3.08  x  10-3 

Pcwer  Loss  for  Center  2/2,  watts 

222 

— 

209 

Estimated  Input  Power,  watts 

850 

- 

1,000 

E.  3pedmen 

Total  Length,  3  <3/2,  in. 

20.5 

19.7 

20.0 

Dimensions 

Test  Section  Length,  in. 

2.0  (min.) 

2.0  (min.) 

2.0  (min.) 

Width,  in. 

0.9375 

0.9375 

0.9375 

Thickness,  in. 

0.0625 

0.0625 

0.0625 

*  Stress  calculated  oh  basis  of  static  Young's  modulus. 

* 


Since  the  loading  conditions  delineated  in  Table  I  appeared  to  provide  a 
reasonable  basis  for  design  of  the  fatigue  test  equipment,  this  work  pro¬ 
ceeded  on  the  basis  of  the  considerations  presented  above;  i.e.,  accord¬ 
ing  to  tie  geometry  shown  in  Figure  1  and  having  the  dimensions  in  Sec¬ 
tion  E  of  Table  I.  The  specimen  width  outside  the  test  area  was  made 
approximately  2  inches  to  preclude  failure  outside  the  critical  locale 
of  the  specimen. 


JOINT  SPECIMENS 


In  addition  to  evaluating  response  of  certain  metallic  materials  to  com¬ 
plex  loading,  the  investigation  required  demonstration  of  the  technique 
with  several  types  of  joints  in  certain  materials.  Fusion-welded, 
riveted,  adhesive-bonded,  and  braied  Junctions  of  1*31*0  steel  were 
studied. 

The  requirements  of  the  various  types  of  Joints  imposed  further  restric¬ 
tions  on  specimen  design.  In  order  not  to  make  unreasonable  demands  on 
the  fatigue  equipment,  it  was  desirable  to  minimise  the  specimen  cross 
section  in  the  test  region.  This  presented  no  serious  difficulties  with 
the  welded,  adhesive-bonded,  or  brased  Joints,  but  the  riveted  type  re¬ 
quired  consideration  of  rivet  diameter,  rivet  spacirg,  and  edge  distance. 
Based  on  the  use  of  1/8-inch  rivets,  a  pattern  consisting  of  five  rivets 
in  two  staggered  rows  was  selected,  and  acceptable  dimensions  according 
to  AN  specifications  (reference  8)  were  established  as  shown  in  Figure  2. 
Ihe  width  of  the  test  section  was  thus  indicated  to  be  l£/l6  inch. 

With  the  exception  of  the  metallurgical.  Joints  which  were  butt-welded, 
all  of  the  Joint  specimens  were  of  the  single-lap  type,  although  it  was 
recogniaed  that  joint  eccentricity  could  indace  ancillary  modes  of  high- 
frequency  vibration  and  significantly  affect  the  performance  of  such  a 
junction  in  a  resonant  standing-wave  system. 

The  welded  specimens  consisted  of  two  half-sections  Joined  by  heli-arc 
butt  welding  to  achieve  a  configuration  similar  to  that  of  the  integral 
specimens.  These  half-seotions  were  preheated  to  approximately  350 *F 
over  approximately  1-inch  lengths  from  the  ends  to  be  welded.  Welding 
was  oarried  out  by  using  an  Oxweld  6 5  welding  rod,  with  a  100-ampere 
current,  and  under  an  argon  blanket  of  18  cubio  feet  per  hour.  The 
preheated  specimens  were  spaced  approximately  1A6  inch  apart  and 
welded  from  both  sides  to  give  100 -percent  weld  penetration. 

The  riveted  Joints  were  fabricated  to  AN  specifications  with  a  single 
overlap  of  9A6  inch,  as  indicated  in  Figure  2.  These  Joints  incorpo¬ 
rated  1/8-inch  Monel  braier-head  rivets  inserted  in  No.  30  drilled 
holes  (0.1285-inch  diameter). 
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Figure  2.  Typical  Riveted  Joint  Pattern  for 
Fatigue  Test  Specimen.  (All  dimensions  shown 
are  in  inches.) 


The  adhesive-bonded  specimens  were  made  of  two  sections,  with  a  single 
overlap  of  1/2  inch.  The  overlap  areas  were  cleaned  with  nitric  acid 
and  bonded  with  EPON-8  epoxy  resin.  The  sections  were  assembled  in  a 
fixture  which  insured  an  epoxy  thickness  after  bonding  of  0.001  inch. 

The  Joints  were  cured  for  1  hour  at  l^OV. 

The  brazed  specimens  were  likewise  fabricated  from  two  sections,  with  a 
single  overlap  of  1/2  inch.  Handy  and  Harman  No.  560  silver  solder  leaf 
braze  was  used,  and  the  joint  was  fluxed  with  Handy  and  Harman  B-l  flux. 
The  components  were  overlapped  by  1/2  inch,  with  the  braze  leaf  at  the 
interface,  and  then  were  clamped  in  a  fixture  which  maintained  dimen¬ 
sional  control  and  were  heated  with  an  acetylene  torch  to  the  melting 
point  of  the  braze  material. 


SPECIMEN  END  REINFORCEMENT 


Special  consideration  was  given  to  design  of  the  Junction  between  the 
specimen  and  the  machine  specimen-holding  Jaws.  This  locale  waa  criti¬ 
cal,  since  slip  or  lack  of  axial  contact  of  the  specimen  in  the  Joint 
would  reduce  efficiency  or  even  prevent  transmission  of  high-frequency 
vibratory  energy. 
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To  provide  the  necessary  firm  contact,  the  end  attachment  areas  of  the 
speoliiens  incorporated  doublers  0.032  inch  thick  for  insertion  into  pre¬ 
cisely  machined  clevis-type  end  fittings  on  the  testing  machine  (des¬ 
cribed  later) . 

The  doubler  pads  for  the  steel  and  aluminum  alloy  specimens  wore  metal  - 
lurgieally  bonded  to  the  specimens  as  indicated  in  Figure  3A.  However, 
efforts  to  brase  or  solder  the  doublers  to  the  titanium  alloy  specimens 
were  unsuccessful.  Adhesive  bonding  of  the  attachments  was  unsatisfac¬ 
tory  beoause  available  adhesives  would  not  develop  the  shear  strength 
necessary  for  the  static  and  dynamic  loading  of  the  specimens.  The 
arrangement  eventually  evolved  is  shewn  in  Figure  3B.  It  consisted  of  a 
raeohanioal  key  design  with  five  rivets  to  carry  the  tension  load  acrc-s 
the  doubler-specimen  interface.  Because  of  the  reduction  in  cross- 
sectional  area  and  the  notching  created  by  the  rectangular  keyways  in 
these  specimens,  it  became  necessary  to  reduce  the  specimen  cross- 
sectional  area  below  that  indicated  in  Table  I.  The  reduction  was  ac¬ 
complished  by  grinding  the  flat  surfaces  of  the  titanium  specimens 
while  they  were  bowed. 
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A.  Metallurgical  Bonding  to  Steel  and 
Aluminum  Alloy  Specimens. 


Figure  3-  Qeometry  of  Doubler  Attachments  to  Test  Specimens. 
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FATIGUE  LOADING  APPARATUS 


Apparatus  for  complex  loading  of  the  speolnens  wae  designed,  assembled, 
and  instrumented  to  obtain  information  on  the  behavior  of  the  test  spe¬ 
cimens  under  the  required  complex  loading  conditions.  The  complete 
equipment  array  with  associated  Instrumentation  is  illustrated  In 
Figure  h,  and  the  maohlne  design  is  shown  schematically  In  Figure  5. 


MACHINE  FRAMEWORK 


The  framework  fur  the  machins  was  of  triangular  design,  incorporating  a 
lower  main  plate  which  supported  the  static  and  low-frequency  systems 
and  an  upper  main  plate  which  supported  the  high-frequency  system.  The 
two  plates  were  separated  by  three  precisely  machined  compression  tubes 
and  the  assembly  was  held  together  by  threaded  tension  rods  having  a 
diameter  of  3/h  inch  and  extending  through  the  compression  tubes.  The 
specimens  were  installed  in  the  area  between  the  main  plates,  as  is 
evident  in  Figures  h  and  5. 


STATIC  LQADINO  STSTEW 


Mounted  through  the  lower  baseplate  were  two  pneumatic  cylinders,  the 
piston  rods  of  which  were  connected,  below  the  plate,  to  the  support 
for  the  lower  specimen-holding  fixture,  thus  providing  a  means  for  stat 
ioally  loading  the  specimen  in  tension.  Pneumatic,  rather  than  hydrau¬ 
lic,  cylinders  were  ohosen  for  the  force  application  system,  sines  the 
latter  would  act  as  dashpots  under  the  cyclic*  loading.  The  cylinders 
had  bores  of  3»2$0  inohes,  which  provided  a  piston  area  for  the  two 
cylinders  of  16.58  square  inches.  These  cylinders  wore  operable  at 
preseures  up  to  7S>0  psi. 

Bottled  gas  was  used  as  the  pressurising  medium  to  provide  pressures 
high  enough  to  develop  the  desired  levels  of  static  force  while  oper¬ 
ating  on  the  relatively  small-bore  pistons.  The  use  of  oompressed  air 
from  the  plant  piping  system  would  have  necessitated  cylinders  of  much 
larger  diameter  to  develop  the  desired  force  levels.  Nitrogen  was 
ohosen  as  the  pressurising  gas  to  preclude  the  generation  of  explosive 
mixture  by  reaction  of  other  gases  (such  as  air)  with  th»  lubricant.  A 
pressure  regulator  on  the  nitrogen  bottle  insured  that  the  pressure  was 
maintained  constant  throughout  a  test. 

The  statlo  load  applied  by  these  cylinders  was  augmented  by  the  weight 
of  the  low-frequency  oyollo  system  located  below  the  lower  main  plate. 
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Figure  U.  Fatigue  Teat  Apparatus  and  Associated  Instrumentation. 

A.  Infrared  Radiometer. 

B.  Strip-Chart  Recorder  for  Static  and  Low-Frequency  Loading 
and  for  Temperature  Indication. 

C.  Fatigue  Apparatus. 

D.  Electric  Timer. 

E.  Frequency  Converter. 

F.  Strip-Chart  Recorder  for  High-Frequency  Displacement. 

0.  Frequency  Counter. 

H.  Radiometer  Control  Panel. 
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Figure  5.  Schematic  Representation  of  Fatigue 


'’orce  Insensitive 
Mount 


Apparatus 


I  -FREQUENCY  SYSTEM 


The  low-frequency  system,  shown  in  Figure  6,  was  of  conventional  design, 
comprising  three  counterrotating  weighted  disks  to  apply  a  cyclic  revers¬ 
ing  load,  aligned  with  the  specimen  axis,  to  the  support  for  the  lower 
specimen-holding  jaw.  The  disks  had  a  radius  of  5* 2 $  inches  and  included 
means  for  attaching  interchangeable  copper  weights  to  provide  the  desired 
loading  of  the  system.  Weights  up  to  1660  grams  were  used.  A  "nutcracker" 
linkage  installed  just  above  the  rotating  disks  and  below  the  lower  base¬ 
plate  maintained  alignment  of  the  low-frequency  system. 

The  disks  were  driven  by  a  5-horsepower  motor  rotating  at  1735  rpm  through 
a  single-ratio  reduction  gearbox  with  opposed  output  shafts,  producing 
speeds  of  approximately  2000  rpm. 

To  provide  automatic  shut-off  of  the  motor  on  test  specimen  failure,  a 
switch  was  installed  so  that  it  would  be  triggered  by  the  drop  of  the 
counterrotating  assembly  upon  specimen  failure. 

During  initial  operation,  the  low-frequency  cyclic  motor  wculd  not  accel¬ 
erate  above  1180  rpm.  Stroboscopic  and  vioratory  examination  revealed 
high-amplitude  oscillation  of  the  motor  and  driving  gearbox  assembly  with 
reference  to  the  main  frame  of  the  equipment  at  this  rotative  speed.  The 
motor  and  gearbox  assembly  were  therefore  detached  from  the  main  frame 
and  supported  from  the  floor  to  eliminate  coupling  between  the  frame  and 
the  motor  gearbox  assembly.  The  machine  then  immediately  achieved  normal 
rotative  speed  of  2000  rpm,  but  heating  of  the  rotating-mass  bearing 
supports  was  observed. 

In  an  effort  to  eliminate  such  heating,  the  design  of  the  bearings  and 
support  structure  was  revised  to  include  pressure-lubricated  needle 
bet  rings  instead  of  the  Oilite  sleeve  bearings.  Forced  oil  circulation 
was  used  to  insure  that  excess  heat  would  be  carried  out  of  the  rotating- 
mass  bearing  support  assembly. 

During  one  of  the  early  test  runs,  failure  occurred  in  a  spacer  disk  in 
thij  assembly.  The  failure  was  traced  to  the  galling  of  a  bronze  thrust 
washer  on  the  shaft  carrying  the  rotating  weight  disks;  bronze  chips  had 
worked  into  one  of  the  needle  bearings  on  this  shaft,  causing  it  to  skew 
and  eventually  to  fail.  The  middle  bearing  inner  racos,  which  were 
originally  integral  with  the  rotating  shaft,  were  then  machined  to  allow 
insertion  ctf  a  hardened  steel  sleeve.  Due  to  the  marginal  shaft  size, 
the  hardened  steel  inner  races  were  maintained  at  minimum  thickness. 

Initial  operation  with  this  arrangement  resulted  in  fracture  and  crack¬ 
ing  of  the  hardened  steel  races. 

The  complete  system  of  counterrotating  weight  disks,  supports  and  bear¬ 
ings  was  therefore  redesigned  to  incorporate  larger  bearings  having  a 
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rating  of  approximately  five  times  that  of  the  initial  bearings.  The 
bronie  thrust  washers  were  removed,  and  needle-bearing  thrust  washers 
were  installed.  With  these  changes,  the  low-frequency  system  operated 
satisfactorily. 


HIOH-FREQUENCY  STSTEM 

The  high-frequency  system  (Figure  7)  consisted  of  a  magneuostriotive 
nickel-stack  transducer-coupling  system  operating  at  a  nominal  frequency 
of  15,000  cycles  per  second.  The  assembly  was  attached  to  the  upper  main 
plate  through  a  force-insensitive  mount  (described  in  Appendix  III), 
which  insured  frequency  stability  under  the  applied  loads  and  negligible 
loss  of  high-frequency  energy  to  the  support  system. 

The  transducer  was  driven  by  the  600-watt  electron-tube  frequency  con¬ 
verter  as  shown  in  Figure  1*. 


SPECIMEN  MOUNTINQ 

As  previously  noted,  mounting  the  specimens  was  critical  for  effective 
energy  transmission  from  the  high-frequency  system,  because  the  clamped 
end  of  the  specimen  must  excursion  as  an  integral  part  of  the  clemping 
Jaw  and  not  exhibit  the  slightest  degree  of  independent  motion.  The 
amplitude  of  high-frequency  vibration  was  small,  within  the  range  of 
O.OOOh-O.OOlj  inch,  and  even  microscopio  differential  motion  would  be  un¬ 
acceptable.  Meticulous  design  of  the  mounting  arrangement  was  therefore 
mandatory. 

The  grip  ends  of  the  systems  were  designed  to  allow  interchangeability  of 
specimens  and  at  the  same  time  to  Insure  the  necessary  rigid  oonnaotion. 
As  shown  in  Figure  8,  precision  keyhole  slots  were  provided  in  the  ends 
of  the  specimen  holders;  these  rectangular  slots  terminated  in  cylindri¬ 
cal  holes,  which  were  oarefully  rea&ed.  The  doubler-reinforoed  ends  of 
the  specimens  were  inserted  in  the  slots,  which  had  ohamfered  grip  faces, 
and  ware  secured  with  clamping  bolts  to  prevent  spreading  of  the  Jaws. 
Cylindrical  pins  were  then  press-fitted  into  the  cylindrical  holes  to 
establish  compressive  loading  and  uniform  contact  between  the  ends  of 
the  speoimen  and  the  clamping  Jaws.  A  mounted  spe  men  is  shown  in 
Figure  9. 

This  arrangement  met  the  requirements  for  transmission  of  high-frequeaoy 
vibratory  energy. 
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TEMPERATURE  AND  ATMOSPHERE  CONTROL 


The  design  of  this  machine  permits  specimen  evaluation  in  controlled 
temperature  and/or  controlled  atmosphere  environments.  A  clam-shell 
type  resistance  heater  or  refrigeration  coils  can  be  mounted  around 
the  specimen  to  achieve  the  desired  temperature  and  to  house  a  special 
atmosphere.  The  specimen  can  readily  be  enclosed  in  a  tubular  trans¬ 
parent  container,  which  could  be  purged  of  air  and  lightly  pressurized 
with  any  desired  gas. 
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INSTRUMENTATION  AND  DETERMINATION  CF  VARIABLES 


Instrumentation  was  provided  on  the  fatigue  test  equipment  for  measuring 
the  variables  of  applied  static  load,  static  and  low-frequency  stress  in 
the  specimen,  high-frequency  electrical  power  input  to  the  high-frequency 
system,  high-frequency  displacement  amplitude  of  the  specimen,  specimen 
temperature,  and  number  of  cycles  to  failure. 


STATIC  LOAD 

Static  load  was  determined  from  the  nitrogen  pressure  gage  reading  multi¬ 
plied  by  the  area  over  which  the  pressure  was  applied  (piston  area  in 
the  cylinders  of  16.^8  square  inches)  plus  the  weight  of  the  low-frequency 
loading  assembly.  The  pressure  gages  were  calibrated  with  a  tensiometer. 
The  load  was  recorded  on  a  strip-chart  device  which  was  calibrated  against 
a  standard  strain  gage  previously  calibrated  on  a  universal  tensile  test¬ 
ing  machine. 


STATIC  AND  LOW-FREQUENCY  STRESSES 

The  static  stress  in  the  specimen  was  readily  determined  by  dividing  the 
static  load  as  obtained  above  by  the  cross-sectional  area  of  the  specimen 
in  the  center  of  the  test  section.  This  cross-sectional  area  was  de¬ 
termined  oy  direct  measurement  of  each  specimen. 

For  determination  of  the  low-frequency  stresses,  a  wire  strain  gage  was 
bonded  to  each  specimen,  with  its  output  being  fed  to  the  same  channel 
of  the  strip-chart  recorder  that  recorded  the  static  load.  At  the  out¬ 
set  of  each  test,  the  static  load  indicated  on  the  strip-chart  record 
was  calibrated  (by  chart  lines)  against  the  calculated  static  stress. 

When  low-frequency  cyclic  loading  was  then  superimposed  on  the  static 
loading,  this  calibration  was  used  to  determine  the  magnitude  of  the 
cyclic  stress  as  indicated  by  the  sinusoidal  pen  deflections  on  the 
chart.  The  strain  gages  used  did  not  respond  to  ultrasonic  frequencies, 
so  that  superimposed  high-frequency  vibration  was  not  reflected  on  the 
chart  readings. 

The  strip-chart  record  also  provides  a  means  for  determining  dynamic 
creep  of  the  specimen  during  test.  The  creep  is  represented  by  the  dis¬ 
placement  of  the  centerline  of  the  oscillatory  force  recording  line  from 
the  static  force  line. 

The  static  and  low-frequency  strains  are  derived  from  the  recorded  stress 
values,  using  the  values  of  Young's  modulus  given  in  Table  I. 
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HIQH-FREQUENCT  POWER 


High-frequency  power  input  to  the  transducer  of  the  high-frequency 
system  was  determined  from  a  VAW  meter  installed  in  the  line  between 
the  frequency  converter  and  the  transducer.  The  output  from  this  VAW 
meter  was  connected  to  one  channel  of  the  strip-chart  recorder  to  in¬ 
dicate  any  deviation  in  the  prwer  level. 


HIQH-FREQUENCT  DISPLACEMENT  AMPLITUDE 


Determination  of  the  high-frequency  cyclic  stress  at  the  center  of  the 
specimen  was  considered.  Measurement  of  the  stress  per  se  in  this  locale 
is  not  amenable  to  measurement  with  strain  gages,  which  are  too  low  in 
frequency  response.  Optical  methods  for  measuring  local  displacement 
are  used  extensively  in  our  laboratory,  but  this  specimen  necessarily 
involved  a  double  observation,  including  determination  of  phase  relation¬ 
ship  between  displacements  at  opposite  ends  of  the  specimen.  The  possi¬ 
bility  of  mounting  sensing  crystals  and  obtaining  accelerations  was  con¬ 
sidered  and  abandoned,  because  extensive  experimentation  under  essen¬ 
tially  similar  conditions  has  shown  conclusively  that  the  retention  of 
the  crystals  is  difficult  under  high-frequency  vibration. 

Thus  it  was  evident  that  the  problem  of  ascertaining  local  cyclic  elon¬ 
gations  within  the  gage  portion  of  the  specimen  was  totally  unfeasible 
within  the  financial  limitations  of  the  contract.  It  was  therefore  con¬ 
cluded  that  the  only  reliable  measurements  could  be  made  at  the  Jaws,  and 
such  measurements  did  not  discriminate  phase.  The  average  of  the  upper 
and  lower  displacement  measurements,  which  provided  a  relative  indication 
(neglecting  phase  differences)  of  peak -to- peak  displacements  within  the 
test  specimen,  was  recorded  for  the  tests  doscribed  later. 

Any  high-frequency  displacement  value  can  be  used  to  determine  the  high- 
frequency  strain  £  in  a  specimen  from  the  equation 


a  - 


(i) 


where  f  is  the  frequency  in  cycles  per  second. 

c  is  the  velocity  cf  sound  in  the  specimen  material  in 
centimeters  per  second. 

j  is  the  peak-to-peak  displacement  per  unit  length  of  the 
specimen. 

For  measurement  of  displacements  at  the  end  points,  barium  titanate 
crystal  elements  were  installed  just  behind  the  upper  and  lower  speci¬ 
men  clamping  jaws.  The  voltage  outputs  from  these  elements  were  fed 
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through  high  band-pass  filters  into  separate  channels’  of  a  strip-chart 
recorder.  The  filters  were  provided  to  eliminate  response  of  the  crystals 
to  low-f requency  vibration,  so  that  their  output  was  not  influenced  by  the 
other  type  of  loading. 

The  output  voltage  of  the  crystals  was  calibrated  by  means  of  a  fiber 
optics  sensing  unit.  With  this  device,  light  is  conducted  to  within  a 
few  thousandths  of  ar.  inch  of  a  vibrating  surface  by  half  of  the  fibers 
comprising  the  fiber  optics  bundle.  The  remaining  half  of  the  fibers 
conduct  the  reflected  light  to  a  solid-state  photosensitive  cell.  The 
electrical  signal  from  this  cell  is  proportional  to  the  probe -to-surf ace 
separatirn  and  provides  an  accurate  measurement  of  the  vibratory  ampli¬ 
tude.  The  instrument  had  been  calibrated  for  dynamic  response  by  the 
manufacturer,  and  this  calibration  was  confirmed  by  comparison  with 
microscopic  observation  of  displacements  obtained  with  a  l£-kc  uitra- 
sonio  system. 

Typical  calibration  curves  of  displacement  as  a  function  of  crystal  out¬ 
put,  obtained  on  upper  and  lower  clamping  jaws,  are  presented  in  Figure  10. 

No  straightforward  means  was  available  for  determining  the  high-frequency 
stress  in  the  specimen.  It  could  not  be  calculated  from  the  strain  and 
Young's  modulus,  sinoe  the  modulus  of  a  material  changes  under  the  influ¬ 
ence  of  ultrasonic  vibration,  and  available  literature  provides  no  pre¬ 
cise  information  on  the  magnitude  of  the  change.  Theoretically  it  should 
be  possible  to  derive  an  expression  for  high-frequency  stress  as  a  func¬ 
tion  of  high-frequency  strain  and  the  vibratory  energy  dissipated  in  the 
specimen.  However,  rigorous  derivation  and  verification  of  such  an  ex¬ 
pression  were  beyond  the  scope  of  this  program. 

It  should  be  noted  that  the  specimen  midpoint  is,  by  design,  a  displace¬ 
ment  node  and  a  stress  antinode,  so  that  under  true  standing  wave  con¬ 
ditions,  no  displacement  should  be  detectable  at  the  midpoint.  However, 
as  the  acoustic  transmission  departs  from  true  standing -wave  conditions, 
the  midpoint  will  exhibit  high-frequency  displacement  proportional  to 
the  fraction  of  total  energy  that  is  transmitted  through  the  specimen. 

It  thus  appears  that  a  useful  method  for  determining  high-frequency 
strain  (and  perhaps  high-frequency  energy  transmission  and  high-frequency 
stress)  may  be  developed  from  analysis  of  the  relationships  existing 
among  displacements  observed  at  the  midpoint  and  at  the  two  end  points. 


SPECIMEN  TEMPERATURE 

The  temperatures  achieved  in  the  specimen  during  fatigue  tasting  were 
determined  by  means  of  an  infrared  radiometer  located  adjacent  to  the 
test  machine  (see  Figure  li)  and  directed  to  monitor  a  small  target  area 
near  the  center  of  the  specimen.  This  area  of  the  specimen  was  coated 
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Peak -to- Peak  Displacement  -  microinches 


Figure  10.  l^rpic»i  Calibration  Curves  of  Vibratory 
Displacement  vs.  Crystal  Output  at  Upper  and  Lower 
Clamping  Jaws. 


2 h 


with  a  flat  black  paint  to  provide  the  necessary  high-emissivity  surface. 
Simultaneous  measurements  made  using  the  radiometer  and  a  thermocouple 
indicated  that  such  painted  surfaces  had  an  emissivity  of  0.8,  whioh  is 
within  the  reported  acceptable  range  of  0.79  to  0.81*.  The  output  of  the 
radiometer  was  a  voltage  proportional  to  the  temperature  of  the  target 
surface.  The  unit  was  calibrated  against  data  obtained  from  a  Chromel- 
Alumel  thermocouple  embedded  behind  the  view  surface  of  an  aluminum 
plate  coated  with  the  same  black  paint. 


NUMBER  CF  CYCLES  TO  FAILURE 


An  electric  timer  with  a  sweep-second  hand  was  used  to  measure  the  total 
time  to  failure.  The  timer  was  actuated  at  the  instant  of  simultaneous 
application  of  low-frequency  and  high-frequency  vibration  to  the  speci¬ 
men  and  was  stopped  at  the  instant  of  specimen  failure.  (An  electronic 
timer  could  be  incorporated  into  the  test  array  to  provide  automatic 
starting  and  stopping.) 

The  number  of  cyclic  loads  per  second  for  each  test  run  was  determined 
by  means  of  a  frequency  counter.  Measurements  indicated  that  the 
transducer-coupling  system  operated  at  a  frequency  of  ll*,800  cycles 
per  second  with  a  tolerance  of  less  than  ±  100  cycles  per  second. 

The  low  frequency  cyclic  rate  was  determined  by  the  running  speed  of  the 
driving  motor,  which  operated  at  constant  speed  regardless  of  load  varia¬ 
tion  because  of  the  relatively  small  loads  on  the  higher  capacity  motor. 
The  constancy  of  rotational  speed  and  the  number  of  low-frequency  cycles 
to  failure  were  confirmed  from  the  sinusoidal  variations  on  the  strip- 
chart  stress  record. 
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DEMONSTRATION  CF  FEASIBILITY 


The  successful  development  of  a  compound  loading  apparatus  (simultaneous 
high-frequency,  low-frequency,  and  static  loading)  coupled  with  a  sophis¬ 
ticated  specimen  configuration  and  neoessary  instrumentation  brought  the 
program  to  the  point  of  feasibility  demonstration. 

This  demonstration  consisted  first  in  subjecting  various  materials  to  the 
loading  environment  and  then  subjecting  the  various  types  of  Joints  to 
the  loading  environment. 


MATERIAL  PERFORMANCE 


The  materials  tested  were  AISI  1;3U0  steel,  201h-T6  aluminum  alloy,  and 
6A1-1*V  titanium  alloy.  Each  material  was  fabricated  into  integral  speci¬ 
mens  in  the  configuration  and  to  the  dimensions  described  earlier 
(Figure  1  and  Table  I-E) .  Table  II  shows  the  loading  input  range  used 
on  these  specimens. 

Static  and  low-frequency  forces  were  held  essentially  constant,  while 
high-f requency  forces  were  varied.  This  procedure  permitted  determina¬ 
tion  of  the  effect  of  the  high-frequency  vibration  at  several  energy 
levels  on  the  fatigue  life  of  the  specimens. 

For  the  integral  specimens,  the  seleoted  static  loads  were  equivalent  to 
approximately  three-f ourths  of  the  yield  strength  of  each  material.  The 
magnitude  of  the  superimposed  low-frequency  stress  was  then  seleoted  from 
Qoodaan  diagrams,  where  available,  to  provide  fatigue  failure  in  the  vi¬ 
cinity  of  lCr*  oyoles  (approximately  £  minutes  at  2000  cycles  per  minute). 
Where  Goodman  diagrams  were  not  available,  the  low-frequency  stress 
value'  were  selected  by  preliminary  experimentation. 

After  measurements  (made  by  dial  caliper  to  +  .0001  inch)  of  the  cross- 
sectional  dimensions  of  the  necked-down  test  section,  the  specimen  was 
installed  in  the  testing  maohine,  and  the  weights  on  the  rotating  disks 
were  adjusted  to  provide  the  desired  low-frequency  cyclic  stress.  The 
selected  statio  load  wae  applied  first  for  strip-chart  calibration,  as 
shown  on  the  typioal  chart  reoord  in  Figure  11.  This  was  followed  by 
actuation  of  the  low-frequenoy  motor,  the  high-frequency  power  at  the 
selected  level,  and  the  timer.  On  failure  of  the  specimen,  with  auto¬ 
matic  shut-off  of  the  motor,  the  high-frequency  power  and  the  timer  were 
manually  terminated,  and  the  time  to  failure  was  recorded. 

Because  of  the  lack  of  a  straightforward  method  of  determining  high- 
frequency  stress  in  the  speolmen,  as  discussed  previously,  the  effects 
of  the  high-frequenoy  vibration  superimposed  on  the  low-frequency  and 
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Table  II 


LOADING  CONDITIONS  FOR  INTEGRAL  SPECIMENS 


Average*  _  „  Average*  ,  „ 

Static  Static  _ Low-Frequency _  Low-Frequency  High-Frequency 


Material 

Cylinder 

Pressure 

(psi) 

Tensile 

Stress 

(psi) 

Fre¬ 

quency 

(cpm) 

Moment 

Arm 

(in.) 

Weight 

(grams) 

Cyclic 

Stress 

(psi) 

Fre¬ 

quency 

(cps) 

Power 

Range 

(watts) 

Steel 

300 

79,200 

1920 

5.25 

800 

28,300 

lh,8oo 

0  -  350 

Aluminum 

250 

U6,hoo 

1920 

5.25 

632 

Sh,000 

lU, 800 

0  -  350 

Titanium 

170 

106,600 

1920 

5.2S 

632 

63,900 

lli,  800 

0  -  350 

*  The  average  is  based  on  data  as  presented  in  Table  III. 


Figure  11.  Representative  Oscillograph  of  Strain  Gage  Oitpwt 
Material:  Ii3ltO  Steel. 

Test  Cross-Section  Area:  0.0628  square  inch. 

Static  Load:  U980  pounds. 

Strip-Chart  Speed:  10  mm/sec. 

Dynamic  Creep:  Indicated  by  deviation  of 
centerline  of  trace  from  horizontal. 


static  stresses  were  plotted  in  terms  of  total  time  to  failure  as  a  func 
tion  of  input  power  to  the  ultrasonic  system.  Table  HI  summarises  the 
data  obtained,  including  the  actual  static  and  low-frequency  stresses 
(based  on  measured  specimen  cross-sectional  areas),  the  recorded  dis¬ 
placement  amplitude  of  high-frequency  excitation,  and  the  total  time  to 
failure.  Figure  12  provides  plots  of  the  failure  time  as  a  function  of 
high-frequency  power  input. 


St^el  Specimens 

The  specimens  of  annealed  U3U0  steel  were  subjected  to  a  nominal  static 
stress  of  80,000  pei  and  a  superimposed  low-frequency  stress  of  ±  33*000 
psi  at  a  frequency  of  1920  cycles  per  minute,  which,  according  to  an 
available  Goodman  diagram,  should  provide  a  specimen  life  within  the 
range  of  1  x  10^  to  2  x  10**  cycles.  For  the  specimens  tested  without 
superimposed  high-frequency  loading  (zero  ultrasonic  power),  failure 
actually 'occurred  at  1.1*  x  10**  cycles  of  low-frequency  excitation. 

Ulus  the  equipment  and  the  material  functioned  as  predicted. 

As  shown  in  Figure  12-A,  high-frequency  excitation  shortened  the  life  of 
the  specimen,  with  the  elapsed  time  to  failure  becoming  shorter  as  the 
ultrasonic  power  was  increased.  At  the  maximum  power  level  of  33>Q  watts 
the  specimen  failed  in  78  seconds  or  after  approximately  1.2  x  10°  high- 
frequency  cycles. 

During  these  teste,  substantial  heating  of  the  specimen  occurred •  as 
revealed  in  Figure  13.  In  the  control  specimen  (zero  ultrasonic  power), 
the  temperature  rose  slowly  and  reached  a  maximum  of  about  1*0 °C  during 
the  7  minutes  20  seconds  of  test.  As  the  ultrasonic  power  was  increased 
the  temperature  rose  increasingly  rapidly  and  reached  a  maximum  in  the 
range  of  60-70°C  Just  before  failure  occurred.  A  typical  fracture  in 
the  steel  is  shown  as  Specimen  B  in  Figure  lU • 


Aluminum  Alloy  Specimens 

The  2011*-T6  aluminum  alloy  specimens  wore  subjected  to  a  nominal  static 
stress  of  1*7,000  psi  and  a  superimposed  low-frequency  stress  of  ±  60,000 
psi  at  1920  cycles  per  minute,  which,  according  to  the  Goodman  diagram, 
should  provide  a  life  of  about  10**  oycles.  In  the  control  test  (zero 
ultrasonic  power),  specimen  failure  occurred  after  1*70  seconds,  at 
1.5  x  10**  cycles  of  low-f’*equency  excitation. 

The  effect  of  high-frequency  stressing  is  plotted  in  Figure  12-B,  which 
shows  the  decrease  in  specimen  life  ae  a  function  of  the  high-frequency 
power  level.  The  data  for  these  tests  may  be  distorted  by  the  fact  that 
the  specimens  exposed  to  the  highest  ultrasonic  power  levels  failed,  not 
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Table  in 


TEST  DATA  FOR  INTEGRAL  SPECIMENS 


Material 

Young's 

Modulus 

Cio6  p.i) 

Test 

Area 

(i*.2) 

Static 

Low-Frequency 

High-Frequency 

Elapsed 
Time  to 
Failure 
(sec) 

Cycles-to- 
Failure  of 
Low-Frequene. 
Excitation 

Stress 

(pei) 

Peak 
Strain 
(pin. /in.'' 

Stress 

(pal) 

Peak 

Strain 
(pin. /in. ) 

Power 
Input 
(watt  8) 

Peak-to-Peak 

Displacement 

(pin.) 

U3bO 

30.8 

0.0630 

78,000 

2530 

32,200 

525 

0 

1*1*0 

ll*,080 

Steel 

0.0628 

79,500 

2580 

30,800 

500 

150 

5U 

U35 

13,920 

0.0638 

78.000 

2530 

29,180 

1*70 

200 

55 

360 

11,520 

0.0615 

81,000 

2630 

29,200 

U75 

730 

118 

21*3 

7,776 

0.0625 

79,500 

2580 

20,000 

325 

350 

90 

78 

2,1*96 

20U-T6 

10.2 

0.0600 

1*6,000 

1*500 

66,000 

3230 

I 

1*70 

15,01*0 

Aluminum 

0.0610 

1*6,300 

1*530 

1*2, 1*00 

2215 

55 

180 

1*65 

11*, 880 

Alloy 

0.0592 

1*6,200 

1*520 

67,700 

3315 

110 

318 

120* 

3,81*0 

0.0596 

1*7,1*00 

1*620 

51,100 

2500 

i75 

600 

105* 

3,360 

0.0612 

1*6,200 

1*520 

1*3,000 

2110 

350 

673 

23* 

736 

6A1-1*V 

16.6 

0.0392 

105,800 

61*00 

58,800 

1785 

0 

81*0 

26,880 

Titanium 

0.0373 

106,800 

61*70 

76,200 

2310 

100 

258 

210 

6,720 

Alloy 

0.0395 

106,000 

61*30 

1*2,1*00 

1270 

150 

1*61 

750 

2b,0C0 

0.0373 

106,800 

61*70 

70,000 

2115 

175 

1*00 

1290 

1*1,280 

0.0385 

107,500 

6520 

71,900 

2160 

350 

1*98 

750 

2l*,000 

*  Failed  at  dcnbler 


High-Frequency  Power  -  Electrical  Watts  to  Transducer 


Time  to  Failure  -  seconds 

Figure  12.  Effect  cf  High-Frequency  Vibration  on 
Fatigue  Life  of  Integral  Specimens. 
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Rate  of  Temperature  Rise  -  °C/min  Specimen  Temperature 


A.  Temperature  Rise 
as  a  Function  of 
Applied  Ultrasonic 
Power. 


B.  Rate  of  Temperature 
Rise  as  a  Function 
of  Applied  Ultra¬ 
sonic  Power. 


Figure  13*  Effect  of  High-Frequency  Stressing  on 
Specimen  Temperature  and  Rate  o'  Temperature  Rise 
for  Ii3b0  Steel. 
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A  B  C  D  E 

Figure  lU.  Typical  Fatigue  Failures  of  Specimens 
Under  Combined  Static,  Low-Frequency,  and  High- 
Frequency  Loading. 

A.  Riveted  Steel  Specimen. 

B.  Integral  Steel  Specimen. 

C.  Integral  Titanium  Alloy  Specimen. 

D.  Integral  Aluminum  Alloy  Specimen. 

E.  Butt-Welded  Steel  Specimen. 
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at  the  specimen  midsection  as  expected,  but  in  the  area  immediately  ad¬ 
jacent  to  the  doubler  attachment,  where  the  material  had  been  exposed 
to  a  temperature  of  approximately  550°F  during  soldering  of  the  doublers. 
Here  the  cross-sectional  area  was  more  than  twice  as  great  as  that  in 
the  specimen  midsection,  and  the  failure  suggests  that  high-frequency 
stressing  of  this  material  is  critical  in  such  heat-affected  zones. 

A  typical  midsection  failure  in  this  aluminum  alloy  is  represented  by 
Specimen  D  in  Figure  ll*. 

Temperature  measurements  in  these  aluminum  alloy  specimens  failed  to 
reveal  an^  significant  heating  during  fatigue  stressing,  even  at  the 
highest  ultrasonic  power  level.  Apparently  any  temperature  rise  that 
may  have  occurred  was  promptly  dissipated  because  of  the  high  thermal 
conductivity  of  the  aluminum. 


Titanium  Alloy  Specimens 

The  specimens  of  6A1-UV  tita'  'urn  alloy  were  subjected  to  a  nominal  static 
stress  of  106,000  psi  and  alternating  low-frequency  stresses  ranging  from 
±  1^2,000  to  ±  76,000  psi  at  1920  cycles  per  minute  over  a  nominal  cross- 
sectional  area  of  O.38  square  inch.  No  Goodman  diagram  was  available  for 
this  material. 

The  application  of  high-frequency  altematii  g  stresses  over  the  power 
range  of  0  to  33>0  watts  did  not  generate  any  definable  relationship  to 
specimen  life,  as  evidenced  by  the  scatter  of  points  on  the  plot  of 
Figure  12-C.  Moreover,  no  perceptible  change  in  temperature  was  ob¬ 
served  under  any  of  the  combined  loading  conditions.  Thus,  in  contrast 
to  the  steel  and  aluminum  alloy,  the  titanium  alloy  appeared  to  be  rela¬ 
tively  ir.pervious  to  high-f  equency  vibratory  effects  within  the  range 
of  high  -frequency  power  applied.  Doubtless,  higher  power  levels  will 
produce  a  clearly  evident  effect. 

A  possible  explanation  may  bo  found  in  the  acoustic  hysteresis  of  these 
materials.  In  previous  investigations  in  our  laboratory  (reference  6), 
the  comparative  hysteresis  properties  of  several  materials  had  been  de¬ 
termined  by  acoustic  calorimetric  techniques.  The  results  of  that  work, 
reproduced  in  Figure  l£,  indicate  the  power  loss  as  a  function  of  high- 
frequency  strain  to  be  substantially  greater  for  steel  than  for  titanium 
alloy.  The  peak  strains  achieved  during  the  fatigue  test  were  functions 
of  the  combined  static,  low-frequency,  and  high-frequency  loading,  and 
it  is  to  be  expected  that  those  strains  would  Involve  power  loss  values 
for  steel  greatly  exceeding  those  for  the  titanium.  This  difference  in 
power  dissipation  may  partially  explain  the  fatigue  behavior  of  the 
titanium  alloy  under  the  superimposed  high-frequency  stresses. 


Power  Loss 


More  comprehensive  testing  over  a  broader  range  of  conditions,  including 
substantially  higher  ultrasonic  power  levels,  would  be  necessary  to  con¬ 
firm  the  observed  trend. 


JOINT  PERFORMANCE 


The  second  portion  of  the  demonstration  was  concerned  with  subjecting 
various  Joint  specimens  of  U3U0  steel  to  the  combined  loading  apparatus 
environment.  Table  IV  shows  the  loading  input  range  used  on  the  various 
Joints. 


Table  IV 

LOADING  CONDITIONS  FOR  JOINT  SPECIMENS  OF  li3U0  STEEL 


Static 

Low-Frequency 

Type  of 
Joint 

Cylinder 

Pressure 

(psi) 

Moment 

Frequency  Arm 

(cpm)  (in.) 

Weight 

(grams) 

Frequency 

(cps) 

Power 

Range 

(watts) 

Welded 

260 

1920  5-25 

1659 

114,800 

98  -  350 

Riveted 

150 

1920  5-25 

632 

111,  800 

0 

1 

VjJ 

O 

Adhesive- 

Bonded 

66.6 

1920  5.25 

39 

111.  800 

0  -  350 

Brased 

200 

1920  5-25 

1380 

111,  800 

0  -  350 

Except  for  the  butt-welded  Joints,  all  of  the  Joints  were  of  the  single¬ 
overlap  type,  in  which  axial  leading  involved  an  eccentricity  which  un¬ 
doubtedly  influenced  the  indicated  fatigue  life.  Furthermore,  with  such 
an  overlap  Joint,  where  failure  occurred  in  shear  in  the  Joint,  it  was 
not  possible  to  determine  the  cross-sectional  area  over  which  the  forces 
acted.  Consequently,  no  accurate  determination  ccwld  be  made  of  the 
static  or  low-frequency  stresses  acting  on  the  Joints  or  the  strains  in¬ 
duced  in  the  specimens.  In  these  cases  the  loads  on  the  specimens  were 
recorded  in  pounds. 

The  fatigue  test  data  for  these  Joints  are  summarised  in  Table  V,  and 
the  total  times  to  failure  are  plotted  as  a  function  of  high-frequency 
power  input  in  Figure  16. 
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Table  V 


TEST  DATA  FOR  JOINT  SPECIMENS  OF  i*3UO  STEEL 


Hlgh-rrsyoncy 


Type  of 
Joint 

Test 

Area 

(In.2) 

Static 

Stress/ 

Load(a) 

LOW- 

Frequency 

Stress/ 

Load(a) 

Power 

Input 

(watts) 

Peak-to-Peak 

Displacement 

(nin.) 

Elapsed 
Time  to 
Failure 
(sec) 

Fusion 

0.0603 

71,700  psi 

63,600  psi 

98 

3U8 

17.5 

Welded 

0.0603 

71,700 

50,300 

175 

W5 

12 

0.0621* 

69,200 

60,^00 

350 

(b) 

9 

Rive ted 

_ 

21*90  lb 

1780  lb 

0 

7 

— 

21*90 

2010 

175 

(b) 

10 

- 

21*90 

1832 

350 

U70 

5 

Adhesive- 

1110  lb 

1600  lb 

0 

68 

Bonded 

— 

1110 

1375 

200 

U75 

as 

- 

1110 

1560 

350 

(b) 

a 

Braced 

3320  lb 

1*050  lb 

0 

U5 

- 

I|150 

2930 

150 

375(c) 

13 

- 

hl50 

2760 

350 

51i5(c) 

9 

(a)  Stress  in  psi  for  welded  butt  Joint  specimens;  load  in  pounds  for 
lapped  Joint  specimens. 

(b)  Indeterminate. 

(c)  Displacement  of  upper  Jaw  only. 
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Figure  l6.  Effect  of  High-Frequency  Vibration 
on  Fetigue  Life  of  Joint  Specimens  of  l*3li0  Steel 
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High-Frequency  Power  -  Electrical  Watts  to  Transducer 


C.  Adhesive  Bonded 


Figure  16  (concluded)  .  Effect  of  High-Frequency 
Vibration  on  Fatigue  Life  of  Joint  Specimens  of 
U3U0  Steel 
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Welded  Specimens 


Under  the  conditions  used,  L>e  butt-welded  specimens  were  subjected  to 
static  stresses  of  70,000  psx  and  low-frequency  alternating  stresses 
of  ±  5>0,000  psi  at  1920  cycles  per  minute  over  a  nominal  cross-sectional 
area  of  0.06  square  inch.  Applied  high-frequency  power  ranged  from  98  to 
350  watts. 

As  shown  in  Figure  16-A,  these  specimens  demonstrated  a  decrease  in 
fatigue  life  with  increasing  ultrasonic  power.  No  perceptible  change  4 
specimen  temperature  was  observed  during  any  of  the  tests.  In  all  car  s, 
failure  occurred  just  above  the  weld  area,  along  the  boundaries  of  the 
heat-affected  zone  resulting  from  the  fusion-welding  temperatures.  A 
typical  failure  is  shown  as  Specimen  E  in  Figure  II4. 


Riveted  Specimens 

These  specimens  were  subjected  to  a  constant  static  load  of  2li90  pounds 
and  an  alternating  load  of  approximately  ±  2000  pounds  at  1920  cycles 
per  minute.  High-frequency  alternating  stress  was  varied  over  a  range 
represented  by  input  powers  ranging  from  0  to  35>0  watts. 

The  resulting  data  (Figure  16-B)  from  these  limited  tests  do  not  show 
the  well-defined  trend  observed  with  the  other  types  of  joints.  The 
specimen  stressed  at  low  high-frequency  power  (1^0  watts)  showed  a 
longer  fatigue  life  than  the  specimen  stressed  at  zero  ultrasonic  power. 
More  extensive  testing  would  be  necessary  to  establish  whether  there  is 
actually  an  ultrasonic  effect. 

Specimen  failure  was  characterized  by  tearout  of  the  parent  metal  rather 
than  by  rivet  shear,  as  shown  by  Specimen  A  in  Figure  Ih.  This  apparently 
resulted  from  bending  of  the  ends  of  the  specimen  half-sections  due  to 
the  eccentricity  of  loading  created  by  the  lap  geometry.  This  eccentric¬ 
ity  caused  the  rivet  heads  to  bear  against  the  parent  metal,  producing 
areas  of  stress  concentration  which  accelerated  failure. 


Adhesive-Bonded  Specimens 

These  lap- type  specimens  were  subjected  to  a  constant  static  load  of 
1110  pounds  and  alternating  loads  within  the  range  of  ±  1300  to  ±  16C0 
pounds  at  1920  cycles  per  minute.  High-frequency  electrical  power  was 
varied  from  0  to  35>0  watts. 

Figure  l6-C  shows  a  decrease  in  specimen  life  as  the  high-frequency  power 
was  increased.  The  maximum  power  of  3$0  watte  produced  failure  in  h 
seconds  (7.1  x  10^  cycles  of  high-frequency  excitation),  whereas  the  non- 
ultrasonically  stressed  eTecimen  required  68  seconds  to  failure  (13  x  10^ 
low-frequency  cycles).  In  every  case,  failure  was  in  shear  through  the 
epoxy  bond. 


Brazed  Specimens 


The  lap-type  brazed  specimens  were  subjected  to  constant  static  loads  of 
3320  and  1*150  pounds,  to  low-frequency  alternating  loads  within  the  range 
of  ±  2700  to  ±  1*000  pounds,  and  to  high-frequency  power  input  levels 
ranging  from  0  to  3^0  watts. 

The  results  of  these  tests  (Figure  ll*-D)  likewise  showed  decreasing 
specimen  life  with  increasing  ultrasonic  power.  Failure  invariably  oc¬ 
curred  in  shear  through  the  braze  bond. 


EVALUATION  OF  EQUIPMENT  AND  CONCLUSIONS 


The  contractor  succeeded  in  developing  a  compound  loading  apparatus  that 
provides  for: 

1.  Interchangeability  of  test  specimens. 

2.  Adjustable  controlled  loading  of  the  specimens  simultaneously 

with  the  following: 

a.  High-frequency  fatigue  loading  at  a  nominal  frequency  of 
1^,000  cycles  per  second. 

b.  Superimposed  normal  fatigue  loading  at  a  frequency  of 
2000  cycles  per  minute. 

c.  Superimposed  steady-state  static  loading. 

The  equipment  performed  satisfactorily  in  tests  of  varying  time  duration 
up  to  a  maximum  of  nearly  1/2  hour.  The  high-frequency  vibratory  energy 
transmission  system  incorporated  in  the  apparatus  excited  the  specimen 
test  section  to  a  maximum  vibratory  amplitude,  at  350  watts  electrical 
power  input  to  the  transducer,  of  0.0008  inch.  Thus,  good  impedance 
matching  was  obtained  through  the  transducer-coupling  system  to  the 
holding  j  \ws  and  into  the  test  specimen. 

The  feasibility  of  the  apparatus  as  a  fatigue  test  instrument  was  clearly 
shown,  as  specimen  life  in  several  instances  was  significantly  altered  by 
varying  the  input  level  of  high-f requency  vibration.  Units  that  did  not 
experience  the  alteration  in  life  either  possessed  sufficiently  different 
internal  characteristics  or  experienced  loading  variation  due  to  clamping 
arrangements. 

In  addition,  there  is  evidence  that  the  apparatus  will  allow  comparative 
evaluation  of  various  materials  as  well  as  various  structures  in  their 
response  to  compound  fatigue  loading  environments.  This  would  allow 
meaningful  analog  test  program  analysis  of  proposed  configurations. 
Evaluation  of  a  complete  Joint  or  structure  response  ccwld  be  accom¬ 
plished  in  subscale  units. 

Thus,  the  equipment  is  adequately  suited  to  laboratory  testing  of  ma¬ 
terials  and  various  Joint  designs  for  knowledge  of  materials  behavior 
under  conditions  encountered  in  rocket-propelled  vehicles.  The  data 
obtained  on  the  several  materials  and  Joints  used  in  this  program  con¬ 
clusively  affirm  that  specimen  life  may  be  significantly  reduced  by  the 
superposition  of  high-frequency  vibration  on  static  and  low-frequency 
vibration  for  many  specimen  types.  The  data  also  indicate  that  for  some 
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materials  and  specimen  types  (e.g.,  integral  titanium  with  mechanically 
connected  end  fittings) ,  the  specimen  requires  a  substantially  higher 
level  of  high-frequency  vibratory  power. 

It  is  thus  apparent  that  further  use  of  the  equipment  developed  may  in¬ 
clude  determination  of  those  materials  and  joint  types  possessing  the 
best  life  (and  possibly  endurance)  characteristics  under  the  compound 
•vibration  conditions  existing  in  rocket-propelled  flight.  This  may 
include  determination  of  S-N  type  curves,  assuming  that  a  rigorous 
method  is  established  for  determination  of  high-frequency  stress.  In 
such  a  case,  the  ordinate  of  the  curve  would  be  the  total  stress: 

st  “  Sst  +  slf  +  shf  >  (2) 

where  Sat  is  the  static  stress, 

S-jj.  is  the  low-frequency  stress, 

S^f  is  the  high-frequency  stress. 

An  alternate  approach  would  be  the  empirical  development  of  a  Goodman- 
type  diagram  of  essentially  three  dimensions,  on  which  a  third  orthogonal 
axis  woild  be  added  to  include  the  effect  of  high-frequency  stress  as 
measured  by  input  power  to  the  high-frequency  excitation  system. 

Preliminary  calculations  of  energy  density  levels  developed  in  the  spe¬ 
cimen  indicate  strongly  that  the  high-frequency  vibration  provides  a 
greater  energy  input  than  the  low-frequency  vibration.  The  possibility 
of  the  energy  density  level's  being  a  controlling  parameter  can  be  easily 
determined  on  the  apparatus. 


RECOMMENDATIONS 


In  view  of  the  successful  demonstration  of  the  capabilities  of  the  com 

plex  fatigue  loading  apparatus,  it  is  recommended: 

1.  That  this  investigation  be  extended  to  encompass  large  numbers  of 
specimens  of  selected  materials,  in  order  to  establish  the  criti¬ 
cal  parameters  controlling  the  performance  of  the  materials  when 
subjected  to  complex  fatigue  loading.  The  resulting  data  should 
be  correlated  with  available  Goodman  diagrams  and  low-frequency 
fatigue  data. 

2.  That  similar  effort  be  expended  in  evaluating  joint  design,  uti¬ 
lizing  subscale  analog  testing  and  covering  a  wide  range  of  struc 
tural  configurations. 

3.  That  the  work  be  extended  to  include  evaluation  of  materials  and 
joints  at  various  temperatures  and  under  various  atmospheric  con¬ 
ditions. 

1*.  That  the  instrumentation  be  further  developed  to  allow  precise 
determination  of  high-frequency  stress  and  possible  interactions 
of  loading  input. 
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APPENDIX  I 


CHRONOLOGICAL  LITERATURE  REVIEW  ON  HIGH-FREQUENCY  FATIGUE  TESTINO 


1925 

1.  Jenkin,  C.  F.,  "High-Frequency  Fatigue  Tests",  Proceedings  of  the 
Royal  Society,  London,  Volume  109A,  1925,  pp.  119-lU 3* 

Wire  specimens  of  copper,  Armco  iron,  and  mild  steel  were  vibrated  by 
means  of  alternating  electrical  power.  Each  specimen  was  supported  at 
the  nodes  in  brass  trunnions  and  placed  between  the  poles  of  an  electro¬ 
magnet,  which  produced  a  nearly  uniform  horizontal  field  normal  to  the 
test  piece.  Alternating  current  flowing  along  the  specimen  caused  it 
to  vibrate  in  the  magnetic  field,  at  the  natural  frequency  of^the  test 
piece.  The  tests  were  run  until  the  specimen  fractured  or  10?  cycles 
had  been  completed.  The  low-frequency  tests  at  50  cps  lasted  55  hours 
or  less.  Those  at  500  cps  lasted  for  5-1/2  hours  or  less,  and  the 
1000-cps  tests  required  2-3/1*  hours  or  less.  The  highest  frequency 
(2000  cps)  required  no  more  than  83  minutes.  The  Armco  iron  and  steel 
samples  failed  suddenly,  but  the  copper  samples  failed  more  gradually. 
The  first  sign  of  failure  was  a  reduction  in  vibratory  amplitude. 

To  test  these  metals  at  higher  frequencies,  the  equipment  was  altered 
to  produce  torsional  vibration.  None  of  the  copper  rods  or  tubes  were 
fractured,  even  during  a  test  which  continued  to  60  million  cycles  at 
a  frequency  of  1*000  cps. 


1929 

2.  Jenkin,  C.  F.,  and  G.  D.  Lej  mann,  "High  Frequency  Fatigue",  Pro- 
ceedings  of  the  Royal  Society,  London,  Volume  125A,  1929, 
pp.  83-119. 

The  effect  of  the  frequency  of  alternating  stress  on  the  fatigue  limits 
of  various  metals  was  investigated,  with  uir  pressure  supplying  the  vi¬ 
bratory  power.  The  specimens  were  vil.ated  by  two  blowers,  each  of  which 
consisted  of  an  adjustable  resonating  chamber  into  which  air  was  admitted 
by  a  throttle  ir  the  back.  The  front  was  closed  by  one  face  of  the  spe¬ 
cimen,  which  was  arranged  so  that  its  vibrations  to  and  fro  alternately 
released  the  air  pressure  or  allowed  it  to  mount  up  in  the  Chamber- 

Tests  were  made  on  copper,  steel,  aluminum,  and  Armco  iron  bars  at  fre¬ 
quencies  ranging  from  50  to  20,000  cps.  Strains  were  calculated  on  the 
assumption  that  the  specimens  vibrated  freely  and  that  the  only  measure¬ 
ment  required  was  the  amplitude  of  vibration  at  the  center  of  the  bar. 
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Increases  in  fatigue  limit  up  to  60  percent  were  recorded,  but  the  observed 
fatigue  limit  did  not  increase  indefinitely.  When  a  maximum  value  was 
reached  in  seme  tests,  the  limit  at  the  highest  frequencies  actually  fell. 


1932 

3.  Gaines,  N.,  "A  Magnetostriction  Oscillator  Producing  Intense  Audible 
Sound  and  Some  Effects  Obtained11,  Physics,  Volume  3,  1932, 
pp.  209-229. 

In  using  a  nickel-tube  magnetos  trie  tive  transducer  operating  at  8900  cps 
for  studying  various  ultrasonic  effects,  Gaines  found  that  the  nickul 
tubes  were  all  eventually  broken  near  the  middle,  due  to  fatigue  of  the 
metal.  Measurements  indicated  that  the  amplitude  of  tube  vibration  was 
0.01  mm  in  water  and  0.03  mm  in  air,  the  latter  corresponding  to  a  stress 
of  11,^00  psi.  Breakage  occurred  within  15  to  90  minutes  (i.e.,  within 
8-  to  l*8-million  cycles) .  The  author  suggested  this  device  as  a  means 
for  quickly  fatiguing  magnetostrictivu  materials  in  evaluation  of  their 
physical  properties. 


1950 

1*.  Mason,  W.  P.,  Piezoelectric  Crystals  and  Their  Application  to  Ultra- 
sonics,  D.  Van  ^ostrancf  Companyj  Tnc.T  Wew  York,  New  York, 
19507  pp.  162-161*. 

Mason  described  an  apparatus  useful  for  fatigue  testing  of  metals,  con¬ 
sisting  of  a  piezoelectric  crystal  mosaic  glued  to  an  exponentially 
tapered  coupler  to  which  was  screw-attached  a  metal  specimen  with  ? 
narrowed  central  section.  With  the  total  length  of  coupler  and  speci¬ 
men  equal  to  an  integral  number  of  half -wavelengths,  no  appreciable 
strain  was  developed  at  the  glued  joint,  which  was  located  at  u  vibra¬ 
tory  antinode.  With  a  diameter  reduction  from  3  inches  at  the  crystal 
to  0.05  inch  in  the  necked-down  section  of  the  specimen,  located  at  a 
vibratory  node,  the  strain  was  amplified  by  a  factor  of  1*0.  Such  a 
device  was  reported  to  permit  investigation  of  the  fatigue  properties 
of  metal  at  a  high  rate  of  strain  and  velocity. 


1951 

5.  Drew,  D.  A.,  "Measuring  Stresses  in  Aircraft  Turbines",  Engineering, 
December  ll*,  1951,  pp.  761-763.  ~  . 

The  cause  of  turbine  bucket  failures  on  aircraft  gas  turbines  was  investi¬ 
gated  on  the  test-bed  and  in  flight.  The  high-frequency  investigations 
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were  conducted  in  the  laboratwx-y  6a  mouol  cast  aluminum  buokets.  A  mag- 
netoetrictive  nickel-stack  transducer  and  an  exponential  steel  coupler 
were  used  to  deliver  the  ultrasonic  energy  to  the  test  specimens  at 
13.2  ko.  For  maximum  transfer  of  energy  to  the  bucket,  it  was  neoes- 
sary  to  match  the  motional  impedance  of  the  load  with  that  of  the  stack 
and  coupler  assembly.  Wire-wound  strain  gages  were  attached  to  the 
buckets  to  measure  the  stresses.  No  results  were  presented. 


1953 

6.  Neppiras,  E.  A.,  "Some  Applications  of  High-Power  Ultrasonics  in 
the  Metal  Industries",  Metal  Treatment  and  Drop  Forging, 

Volume  20,  1953,  PP. 

Among  other  applications,  the  use  of  ultrasonics  for  accelerated  fatigue 
testing  is  described.  Preferably  a  magnstostrictive  transducer  is 
ccupled  through  a  step-up  exponential  mechanical  transformer  to  a  longi¬ 
tudinally  resonant  specimen,  the  Joint  b;*ing  located  at  a  displacement 
antinode.  For  frequencies  above  about  100  kc,  crystal  transducers  were 
recommended.  Such  devices  could  also  be  used  for  accelerated  life  tests 
to  determine  metal  behavior  under  periodic  forces,  such  as  hammer  blows 
or  frictional  forces. 


1956 

7.  Mason,  W.  P.,  "Internal  Friction  and  Fatigue  in  Metals  at  Large 

Strain  Amplitudes",  Journal  of  the  Acoustical  Society  of 
America,  Volume  28,  19^6,  pp.  125^-1218. 

Apparatus  for  producing  high  strains  in  metals  consisted  of  a  barium 
titanate  cylinder,  a  half-wave  exponential  horn  with  diameter  reduoed 
from  3  inohes  to  0.25  inch,  and  a  eeoond  half-wave  exponential  horn, 
screw-attached  to  the  first  and  including  tho  test  specimen,  with  diam¬ 
eter  reduced  from  0.25  inch  to  0.060  inoh.  This  arrangement  provided 
a  step-up  in  strain  by  a  ratio  of  50 *  1 .  Further  step-up  to  250il  was 
achieved  by  cutting  a  smaller  radius  in  the  horn.  Measurements  of  the 
impressed  voltage  and  a  pickup  voltage  on  the  barium  titanate  made  it 
possible  to  calibrate  the  device  for  determination  of  internal  friction, 
ohange  in  elastio  constant,  and  strain  in  the  sample.  Such  measurements 
were  made  on  lead  and  aluminum  during  stressing  to  fracture,  and  the  re¬ 
sults  ware  analysed  in  terms  of  the  dislocation-vacancy  mechanisms  in 
the  specimens. 

8.  Lomas,  T.  W. ,  J.  0.  Ward,  J.  R.  Halt,  and  E.  W.  Colbeok,  "The 

Influence  of  Frequency  of  Vibration  on  the  Er.duranoe  Limit  of 
Ferrous  Alloys  at  Speeds  up  to  150,000  Cycles  per  Minute  Using 
a  Pneumatic  Resonance  System",  Proceedings  of  the  International 


Conference  on  Fatigue  of  Metals,  London,  September  lli,  1956, 
and  New  York,  November  30,  1956,  Institution  of  Mechanical 
Engineers,  London,  England,  pp.  375-385. 

A  pneumatic  resonance  system  was  designed  to  compare  the  fatigue  proper¬ 
ties  of  wrought  and  cast  turbine  blades  for  airplane  engines.  This 
machine,  which  operated  at  frequencies  as  high  as  2^00  cps,  consumed  up 
to  200  oubio  feet  cf  compressed  air  per  minute  at  a  supply  pressure  of 
about  90  psi.  The  specimen  to  be  tested  was  used  as  a  reed  to  aotuete  a 
resonant  column  of  air  in  a  tube.  Two  methods  were  used  for  measuring 
stress:  measuring  strain  directly  with  strain  gages  and  calculating 
stress,  and  measuring  the  vibration  amplitude  with  a  telemicroscope  and 
calculating  the  stress.  Curves  were  plotted  to  show  the  effect  of  fre¬ 
quency  on  the  endurance  limit  far  four  types  of  steel  at  10®  cycles. 

9.  Vidal,  0.,  and  F.  Qirard,  nSur  un  nouveau  dispositif  de  *upturo  des 
materiaux  par  un  effort  alternatif  sinusoidal  k  87  000  c/s", 
Comptes  Rendus,  Aoademle  das  Solences,  Volume  21*3,  1956, 
pp.  1276-1278. 

This  fatigue  testing  device  was  driven  by  a  barium  titanate  cylinder 
with  a  natural  longitudinal  frequency  of  8/  kc.  Resonant  cylindrical 
specimens  were  attached  to  the  upper  face  of  the  barium  titanate  cylin¬ 
der  by  means  of  a  central  flange.  Cylindrical  specimens,  3  mm  in  diam¬ 
eter,  of  aluminum  alloy,  titanium  alloy,  and  glase  were  fractured  with 
this  device.  Specimens  of  magnesium  alloy  and  steel  that  were  necked 
down  on  either  side  of  the  flange  and  specimens  of  glass  that  were 
lengthened  on  the  upper  end  by  a  half-wave  trunoated  cone  were  also 
fractured.  The  fraotures  appeared  the  same  ns  those  obtained  at  low 
frequency.  None  of  the  specimens  showed  notieeable  heating  during  the 
taats. 


10.  Vidal,  0.,  F.  Qirard,  and  P.  Lannsse,  "Sur  un  dispositif  de  rupture 
des  metaux  par  un  effort  alternatif  sinusoidal  a  haute  fre¬ 
quence”,  Comptes  rendus,  Aoademle  dee  Sciences,  Volumo  2ii2, 
1956,  pp.  9BM88. - - - 

A  device  was  developed  for  exerting  a  periodic  axial  force  on  a  cylin¬ 
drical  specimen  at  frequencies  in  the  order  of  5000-8000  ops.  A  speci¬ 
men  was  attached  at  one  end  to  a  dynamometer,  whioh  operated  through 
extensometers,  and  at  the  other  end  to  a  laminated  stack  of  nickel-iron 
rlloy.  The  entire  assembly  was  resonant  at  its  fundamental  frequency. 

A  magnetic  circuit,  suitably  amplified,  indueed  an  alternating  emf  which 
excited  the  assembly  to  resonanoe  vibration  with  a  considerable  increase 
in  load.  With  this  apparatus,  axial  alternating  forces  as  high  as  ±  230 
kg  were  lnduoed  in  the  specimens.  Steel  cylinders  of  li  mm2  cross  section 
were  fraetured  at  a  frequenoy  of  6000  ops,  and  Duralumin  specimens  of 
10  mm2  cross  section  were  fractured  at  a  frequency  of  5380  ops.  The 
fractures  were  similar  to  those  obtained  at  low  frequency.  No  noticeable 
heating  of  the  specimens  was  observed. 
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11.  Wade,  A.  R.,  and  P.  Grootenhuis,  "Very  High-Sp«ed  Fatigue  Testing", 

Proceedings  of  the  International  Conference  on  Fatigue  of  Metals, 
London,  September  lh,  1 956*  and  New  York,  November  30,  1956, 
Institution  of  Mechanical  Engineers,  London,  England,  pp.  361-369. 

Fatigue  tests  were  conducted  on  aluminum  alloy  bars  with  a  variable- 
frequency  torsional  vibrator  giving  sinusoidal  excitation  of  adequate 
power.  The  specimens  were  1/8  inch  square  and  ranged  in  length  from 
2.58  to  8.35  inches.  The  maximum  amplitude,  measured  by  a  microscope, 
occurred  at  the  ends  of  each  specimen.  The  maximum  input  power  was 
1000  watts,  and  the  operating  frequencies  used  were  21; ,  370,  8^0,  1550, 
and  3835  cps.  Curves  were  plotted  to  show  the  relationship  between 
stress  and  the  number  of  cycles  to  failure,  stress  and  the  number  of 
hours  to  failure,  speed  and  the  number  of  hours  to  failure,  and  3peed 
and  fatigue  strength.  Cracks  formed  in  most  specimens  at  or  near  the 
center,  and  variation  in  stress  at  the  fracture  was  less  than  2  per¬ 
cent  of  the  v'cimum  stress  at  the  center. 


1957 

12.  Brosens,  P.  J.,  R.  W.  Reid,  and  T.  P.  Rona,  "Magnetostrictive  Drive 
Techniques  for  Fatigue  Testing  of  Metals  Above  10  Kilocycles", 
WADC  Technical  Report  57-U38:  Massachusetts  Institute  of 

Technology,  Cambridge,  Massachusetts,  Contract  AF  33(6l6)-3233> 
December  1957. 

A  magnetostrictive  exciter  was  constructed  that  operated  at  about  12  kc 
with  approximately  1  kva  of  electrical  input  power.  This  exciter  was 
intended  to  serve  as  a  source  for  alternating  stress  in  typical  turbine 
blades  in  order  to  investigate  fatigue  failure  in  the  blades.  It  soon 
became  apparent  that  the  exciter  could  not  satisfy  the  requirements  of 
intensive  specimen  testing  and  correlation  of  results.  A  light  modu¬ 
lation  technique  for  determining  the  amplitude  of  vibration  was  developed 
successfully.  The  report  covered  detection  and  calibration  methods,  the 
analytical  and  experimental  approach  to  the  impedance  matching  problem 
between  source  and  load,  and  the  use  of  existing  equipment  to  trace 
fatigue  development  by  frequency  and  damping  measurements.  It  also 
evaluated  other  methods  of  excitation. 


1956 

13.  Atawani,  J.,  and  H.  Miyamoto,  "Fatigue  Tests  of  Metals  at  Ultrasonic 
Frequency",  Transactions,  Japan  Society  of  Mechanical  Engineers, 
Volume  21;,  1958,  pp.  h$0-h$3. 
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rtA  testing  equipment  and  measurements  are  reported  of  the  fatigue  of 
metale  under  supersonic  frequency.  This  equipment  has  an  advantage  over 
conventional  fatigue  machines  in  that  stress  alternations  up  to  10°  re¬ 
versals  can  be  made  within  an  hour  or  so.  At  the  resonant  condition, 
metal  samples  are  subjected  to  alternating  stresses  above  the  fatigue 
limit  by  means  of  a  magnetostriction  transducer  through  an  exponential 
brass  horn.  By  this  method  the  fatigue  properties  of  various  metals 
were  investigated.  To  avoid  temperature  rise  of  the  samples,  water 
cooling  was  necessary.  Under  insufficient  cooling,  it  was  not  possible 
to  obtain  large  motions  and  high  strains,  presumably  due  to  the  Increase 
of  internal  damping  in  the  samples.  Even  marks  in  the  most  strained 
part  of  the  samples,  such  as  might  be  made  by  a  very  light  scratch  with 
a  knife  edge,  had  a  considerable  effect  on  the  fatigue  limit."  (Author 
abstract) 

lii.  Mason,  W.  P.,  "Internal  Friction,  Plastic  Strain  and  Fatigue  in 

Metals  and  Semiconductors",  Monograph  No.  3326,  Bell  Telephone 
System  Technical  Publications,  1*5 

"By  using  a  barium  titanate  driver  attached  to  a  tapered  brass  horn, 
containing  a  specimen  of  metal,  it  is  possible  to  stress  the  specimen 
to  fatigue  failure.  The  internal  friction  and  plastic  strain  of  the 
specimen  can  be  measured  from  the  ratio  of  the  driving  voltage  to  the 
pickup  voltage  from  the  titanate  and  from  the  resonant  frequency.  It 
is  found  that  there  are  two  amplitude  ranges  for  which  the  internal 
friction  and  plastic  strain  vary  with  stress.  The  final  phase  for 
metals  results  in  a  very  rapid  rise  in  internal  friction  and  plastic 
strain,  and  ends  in  fatigue  failure.  The  effect  of  a  static  s trass  is 
to  increase  the  stiffness  of  metals  for  small  alternating  stress  ampli¬ 
tudes  and  to  lower  the  value  of  the  alternating  stress  required  to  pro¬ 
duce  fatigue  failure.  Germanium  is  not  subject  to  fatigue  failure  in 
the  manner  of  a  metal  but  suffers  brittle  fracture.  A  theory  based  on 
the  action  of  Frank-Read  dislocation  loops  is  shown  to  agree  with  the 
measured  results.  Fatigue  stresses  can  be  increased  by  metallurgical 
treatments  which  reduce  the  lengths  of  the  Frank-Read  sources." 

(Author  abstract) 

1; $•  Stephenson,  N.,  "A  Review  of  the  Literature  on  the  Effect  of 

Frequency  on  the  Fatigue  Properties  cf  Metals  and  Alleys", 
Memorandum  No.  M.  320,  National  Gas  Turbine  Establishment, 
Ministry  of  Supply,  England,  June  1958. 

A  number  of  the  references  cited  indicated  that  fatigue  limits  increased 
as  frequencies  at  which  fatigue  testing  was  conducted  increased.  Most 
of  the  literature  reported  work  at  low  frequencies,  lf>0  to  30,000  cpm, 
although  some  work  at  frequencies  ranging  from  30,000  to  1,000,000  cpm 
was  reported.  When  materials  susceptible  to  corrosion  fatigue  were 
tested  in  dry  air,  investigators  found  that  fatigue  limits  were 
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appreciably  greater  than  the  corresponding  values  for  tests  in  ordinary 
air.  In  two  papers  it  was  reported  that  dan  ping  capacity  and  dynamic 
modulus  were  dependent  on  frequency  at  stresses  above  the  dynamic  pro¬ 
portional  limit.  Another  study  on  the  effect  of  frequency  (6000  and 
20,000  cpra)  on  deformation  characteristics  shown  by  polished  surfaces  of 
pure  aluminum  indicated  that  marked  disturbance  was  produced  near  grain 
boundaries  and  that  a  fine  network  structure  was  present  within  the 
grains.  The  striations  that  formed  at  the  higher  frequency  frequently 
resulted  in  a  granular  surface  film  that  gave  a  slightly  stained  appear- 
anoe  to  the  surface. 


1959 

16.  Girard,  F.,  and  G.  Vidal,  "Micromachine  de  fatigue  en  traction- 

compression  a  92,000  alternances  par  second",  Revue  de 
Metallurgie,  Volume  56,  1959,  pp.  2^-39 

A  fatigue  testing  machine  operating  at  87,500  cps  consisted  of  a  barium 
titanate  cylinder  to  which  a  cylindrical  specimen  was  attached  at  a 
central  flange  of  the  specimen,  constituting  a  nodal  point.  The  maximum 
stress  obtainable  at  1-micron  amplitude  was  36  kg/mm2.  This  device  was 
effective  in  fracturing  aluminum  alloy,  titanium  alloy,  and  glass  cylin¬ 
ders,  but  not  cylinders  of  half -hard  steel,  brass,  or  magnesium  alloy. 
The  differences  in  breaking  capabilities  were  attributed  to  differences 
in  damping  capacity  of  the  various  metals.  The  fatigue  cracks  resembled 
those  obtained  in  low-frequency  fatigue. 

A  similar  device  operating  at  92,000  cps  was  used  to  test  cylindrical- 
toroidal  specimens.  Duralumin  specimens  were  fractured  at  2-3  billion 
cycles  at  a  stress  level  of  lli  kg/mm2.  At  10?  cycles  the  breaking 
stress  was  16  kg/mm2,  while  in  ordinary  3  ow-f requency  tests  the  maximum 
stress  at  the  same  number  of  cycles  was  stalled  to  be  12  kg/mm2.  Such  a 
fatigue  test  for  light  alloys  permitted  shortening  the  test  time  for 
3  x  10?  cycles  from  the  usual  100  days-3  years  to  8  hours. 

17.  Neppiras,  E.  A.,  "Metal  Fatigue  at  High  Frequency",  Proceedings  of 

the  Physical  Society,  London,  Volume  70B,  1959,  pp.  303-401. 

A  magnetostrictive  transducer  and  three  exponentially  tapered  oouplers 
were  used  to  investigate  metal  fatigue  at  high  frequencies.  A  single- 
flange  mounting  system  insured  that  tests  were  performed  under  aero 
static  load  conditions.  The  input  power  for  the  tests  was  approxi¬ 
mately  1  kilowatt.  Two  types  of  brass  samples  were  used:  a  straight 
rod,  and  a  symmetrically  tapered  workpiece,  3A6  inch  in  diameter  in  the 
oenter  and  3/8  inoh  at  the  ends.  For  cooling,  a  lA6-inch  hole  was 
bored  axially  in  the  specimen  and  coupler  to  permit  continuous  water 
flow.  In  all  samples,  fracture  occurred  as  a  lateral  crack  near  the 
point  of  maximum  strain.  Fatigue  limits  were  calculated  both  by  means 
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of  S-N  curves  and  by  measuring  the  flow  rate  and  temperature  rise  of  the 
cooling  water  (to  obtain  the  rate  of  energy  loss).  High-frequency  test¬ 
ing  permitted  a  normal  fatigue  run  of  10°  reversals  in  about  1.5  hours, 
compared  to  several  weeks  on  conventional  machines. 

18.  Neppiras,  E.  A.,  "Techniques  and  Equipment  for  Fatigue  Testing  at 

Very  High  Frequencies",  Proceedings  of  the  American  Society  for 

Testing  Materials,  Volume  59,  1959,  pp.  691-709. 

Resonant  ultrasonic  vibrators  used  in  high-frequency  fatigue  testing  con¬ 
sisting  of  a  transdicer,  velocity  transformer  (coupler),  and  test  speci¬ 
men  were  described.  The  extensional,  torsional,  and  flexural  modes  of 
operating  the  conventional  types  of  electromechanical  transducer  (piezo- 
magnetic,  piezoelectric,  and  electrodynamic)  were  explained,  and  a  study 
was  made  of  the  design  of  resonant  velocity  transformers  and  test  speci¬ 
mens.  Practical  systems  had  been  operated  at  frequencies  above  the 
audible  limit,  18,000  to  22,000  cps.  The  advantages  of  ultrasonic 
testers  were  listed  as:  ease  of  operation;  economy;  variety  of  appli¬ 
cations;  and  speedy,  silent  operation.  Fatigue  limits  of  metals  at 
high  frequency  were  reported  to  be  seldom  identical  to  those  measured 
at  low  frequency,  with  discrepancies  as  high  as  iiO  percent  for  brasses. 
Techniques  for  preventing  overheating  at  high  frequencies  were  described. 


I960 

19.  Balalaev,  Yu.  F.,  "Structural  Changes  and  Strength  of  Steel  Under 

High-Frequency  Cyclic  Loading",  Metallovedenie  i  Termicheskaya 
Obrabotka  Metallov,  April  i960,  Number  4,  pp.  Ill— U5 - 

A  resonance -type  system  was  developed  for  investigating  the  fatigue 
strength,  temperature  effects  from  damping,  and  physiochemical  processes 
under  stresses  at  17  to  20  kc  at  a  maximum  input  power  of  3  kra;  the 
resonant  length  of  the  amplitude  converter  was  160  millimeters.  The 
specimens  were  rods,  5  millimeters  in  diameter,  of  steel,  copper,  brais, 
aluminum  alloy,  and  cast  iron.  High-frequency  loading  caused  considera¬ 
ble  heating  of  unhardened  steel  at  the  stress  antinode  from  mioroplastio 
internal  friction.  An  increase  in  frequency  from  17.25  to  20  kc  did  not 
affeot  the  fatigue  limit  of  steel  significantly.  Microstructural  changes 
were  observed  in  the  metals.  Fatiguo  curves  were  constructed  for  iron 
and  steel  to  approximately  10?  cycles.  The  most  efficient  oouplers  used 
were  those  with  an  exponential  or  catenoidal  shape. 

20.  Neppiras,  E.  A.,  "Very  High  Energy  Ultrasonics",  British  Jrqmal  of 

Applied  Physics,  Volume  11,  i960,  pp.  11*3-150. 

Ultrasonic  fatigue  testing  was  included  in  a  general  survey  of  very- 
high-energy  ultraaonios.  Ttie  dineussion  dealt  with  fatigue  testing 
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techniques  rather  than  specific  tests.  The  properties  of  piezonagnetic 
and  piozoelectric  transducer  materials  were  outl  ined,  and  wave  equations 
for  conical,  exponential,  catenoidal,  and  double-quarter-wave  cylindrical 
couplers  were  presented.  Typical  specimens  were  of  symmetrically  tapered 
and  dumbbell  shapes.  Tht  use  of  S-N  curves  to  plot  stress  data  was  des* 
cribed  and  illustrated  for  alloy  specimens  at  18  kc  to  approximately  10® 
cycles.  Endurance  limits  at  high  frequencies  were  somewhat  higher  than 
those  for  low  frequencies;  no  satisfactory  explanation  was  presented. 


1961 

21.  Atawani,  J.,  "Fatigue  Tests  of  Metals  at  Ultrasonic  Frequency. 

2nd  Repoit:  For  Materials  Having  High  Endurance  Limits", 
Bulletin  of  the  Japan  Society  of  Mechanical  Engineers, 

Volume  k,  1961,  pp.  U^6— U  70. 

A  fatigue  tester  was  used  to  produce  fundamental  vibration  in  a  dumbbell- 
shaped  specimen,  which  was  designed  to  induce  highest  stress  in  the  con¬ 
tracted  midportion.  Analysis  of  vibration  of  the  specimen  at  resonance 
condition  was  developed,  and  the  results  were  confirmed  by  experiments 
with  bearing  steel  specimens  at  a  frequency  of  10.3  kc.  S-N  curves 
showed  a  fatigue  limit  at  about  10®  stress  reversals  at  kO  kg/mm^,  a 
higher  number  of  stress  reversals,  and  a  lower  value  of  stress  than  was 
expeoted  for  this  material.  The  slope  of  the  curve  was  steep.  With 
an  unt.apered  copper  specimen,  the  breaking  stress  at  10®  reversals  was 
about  8  kg/mm^,  practically  the  value  expected  from  ordinary  measure¬ 
ment. 

22.  Van  Leouwen,  H.  P.,  and  M.  C.  Mucuoglu,  "Requirements  for  an  Axial 

Fatigue  Machine  Capable  of  Fast  Cyclic  Heating  and  Loading", 
APART ograph  66  (amended  edition),  Advisory  Group  for  Aero¬ 
nautical  Research  and  Development,  Paris,  France,  September 
1961. 

Among  other  fatigue  testing  devices,  the  nagnetostriction  fatigue  machine 
built  by  Neppira8  in  England  was  described  briefly.  Its  salient  features 
were  a  laminated  dumbbell-type  magnetostrictive  transducer  and  a  resonant 
tapered  coupler.  The  specimen,  which  was  approximately  resonant  at  the 
transducer  frequency,  was  tapered  from  a  diameter  at  the  center  of  3/16 
inch  to  3/8  inch  at  the  ends.  The  specimens  had  a  hole  1/16  inch  in 
diameter  lengthwise  through  the  middle  to  provide  for  water  cooling. 

The  machine  had  a  loading  capaoity  of  300  kg  and  was  operated  at  speeds 
as  high  as  10°  cpm.  Distribution  curves  were  constructed  to  show  parti¬ 
cle  motion  and  stress  in  the  mechanioal  transmission  line. 
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23.  Qrootenhuis,  P.,  and  P.  Benham,  "Vibration  and  Fatigue",  Discovery, 
Volume  23,  May  1962,  pp.  36-h3* 

Both  the  slow,  higb-stress  reversals  that  can  cause  metal  failure  after 
only  a  few  hundred  cycles  and  the  high-speed,  low-stress  vibrations  that 
may  continue  for  millions  of  cycles  before  ultimate  fracture  were  dis¬ 
cussed.  Work  previously  reported  for  both  low-  and  high-frequency 
fatigue  testing  was  reviewed.  The  failures  at  high  stress  were  found 
to  be  most  common  when  a  component  was  subjected  to  a  startlng-and- 
stopping  cycle.  In  aircraft  particularly,  the  trend  toward  higher 
speeds  has  subjected  components  to  vibrations  at  higher  frequencies,  so 
that  components  have  more  often  been  vibrated  at  their  resonant  fre¬ 
quencies  and  therefore  at  higher  stresses.  Long-endurance  fatigue  is 
usually  associated  with  a  sinusoidal  cycle  and  frequoncies  of  several 
thousand  cycles  per  minute.  With  high-frequency  fatigue,  stressing  is 
applied  continuously  at  very  high  speed  for  a  very  great  number  of 
cycles  and  results  in  a  shorter  time  lapse  before  failure. 

2h.  Van  Houten,  J.  J.,  "High  Intensity  Sonic  Testing — A  Tool  for  the 
Structural  Analyst",  Symposium  on  Shock,  Vibration  and  Asso¬ 
ciated  Environments,  Part  II,  Washington,  D.  C.,  October  1-U, 

1962,  pp.  1&1-108. 

The  testing  machine  described  made  use  of  four  electropneumatic  trans¬ 
ducers  and  exponential  couplers,  6  feet  long,  with  a  frequency  range 
from  hO  to  3000  cps,  and  power  output  up  to  2000  acoustical  watts. 
Acoustical  power  was  calculated  by  measuring  sound  pressure  across  the 
tube  and  converting  these  measurements  to  intensity  in  watts  per  square 
centimeter. 


1963 

25.  Clifton,  T.  E.,  B.  S.  Hockenhull,  and  A.  R.  Sollars,  "The  Develop¬ 
ment  and  Evaluation  of  an  Ultrasonic  Fatigue  Unit",  Note 
No.  lhl,  The  College  of  Aeronautics,  Cranfield,  England, 

March  1963. 

A  fatigue  test  unit  operating  at  20  kc  consisted  of  a  magnet  os  trictive 
transducer  and  a  half-wave  velocity  transformer  with  an  amplification 
ratio  of  6.25  to  lj  the  transformer  was  supported  by  a  nodal  flange,  and 
dumbbell-type  specimens  were  sc  row- attached  to  its  smaller  end.  Tempera¬ 
ture  measurements  at  the  highest  stress  level  indicated  that  the  tempera¬ 
ture  rose  by  less  than  1*C  over  a  period  of  300  seconds.  The  addition  of 
a  cycle  counter  permitted  accurate  measurement  of  the  number  of  cycles  to 
failure  Tr  initial  te*he  with  alu  'nv-  -ll.ys,  uhe  resuxts  proved  to  be 


highly  sensitive  to  the  surface  finish  on  the  specimens,  and  subsequent 
specimens  were  electrolytically  polished  before  tests.  In  comparison 
with  results  obtained  with  a  200-cps  rotating-bend  machine,  the  higher 
frequency  showed  substantially  higher  stress  levels  throughout  th6  S-N 
curve.  Because  of  this  frequency  effect,  it  was  concluded  that  applica¬ 
tion  of  the  equipment  to  accelerated  evaluation  tests  may  not  be  simple. 


196a 

26.  Brown,  B.,  "High  Intensity  Ultrasonics",  Industrial  Electronics, 

March  196ll,  pp.  113-116. 

Various  high-power  applications  of  ultrasonics  were  reviewed.  Discus¬ 
sion  was  presented  of  the  acceleration  of  fatigue  testing,  especially 
when  specimens  must  be  subjected  to  10°  stress  reversals,  by  operating 
at  ultrasonic  frequencies.  Basic  equipment  consisted  of  a  20-ke  raag- 
netostrictive  transducer  and  a  velocity  transformer  attached  to  the 
speoimen  under  test.  Large -amplitude  vibration  could  thus  be  trans¬ 
mitted  to  the  specimen  ever,  with  the  transducer  operating  under  low 
stress.  A  maximum  power  of  60  watts  was  supplied  to  the  transducer. 

27.  Skipnichenko,  A.  L.,  "The  Use  of  Ultrasonic  Vibration  in  Fatigue 

Tests",  Zavodskaya  Laboratorlya,  Volume  30,  1961*,  pp.  998-999. . 

A  method  was  presented  for  determining  the  effect  of  a  cyclic  load  on 
the  mechanical  properties  of  metals.  Cyclic  loading  was  accomplished 
at  an  alternating  stress  of  17.9  kg/mm,  using  a  20.2-kc  magnetostric- 
tive  transducer  and  a  tapered  velocity  transformer  screw-attached  to  a 
resonant  annealed  copper  specimen.  Since  the  cen+ral  portion  of  each 
specimen  became  extremely  hot  during  the  tests,  it  was  externally  cooled 
by  running  water.  With  increased  duration  of  the  test,  yield  and  ulti¬ 
mate  tensile  strength  and  hardness  increased,  while  elongation  decreased. 
The  final  failure  took  place  after  110-129  seconds. 

28.  Thiruvengadam,  A.,  "High  Frequency  Fatigue  of  Metals  and  Their  Cavi¬ 

tation  Damage  Resistanoe",  Technical  Report  233-6,  flydronautics, 
Incorporated,  Laurel,  Maryland,  Navy  Contract  Nonr-3799  (00) 

FEM,  December  19t>u. 

High-frequency  fatigue  tests  were  carried  out  on  aluminum,  bronae,  Monel, 
and  stainless  steel  by  using  a  li*.2-ko  magnetos  trie  tive  apparatus  to 
drive  notohed  specimens  in  resonance.  Analysis  of  the  results  indicated 
that  the  high  frequency  did  not  significantly  ohange  the  plastic  energy 
required  to  fracture  the  metals  in  fatigue.  Strain  energy  was  corre¬ 
lated  with  cavitation  damage  resistance.  High-frequency  fatigue  was 
signif icantly  accelerated  in  a  corrosive  environment. 
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1965 


29.  Balalaev,  Ta.  F.,  "High  Temperature  Failure  of  Metals  Under  the 

Action  of  Ultrasonic  Vibrations",  Flzlka  Metallov  i  Metallo- 
vedenie,  Volume  19,  1965,  pp.  735-7UO. 

Magnetoetrictive  apparatus  operating  at  2^-26  kc  was  used  to  fatigue 
several  materials  without  cooling,  to  determine  the  effect  of  internal 
friction  heating  on  microstrueture  and  fatigue  fracture.  Failure  in 
aluminum  and  iron  was  accompanied  by  necking,  presumed  to  be  assisted 
by  recovery,  recrystallization,  substructure  formation,  grain-boundary 
migration,  and  healing  of  micropores  at  cavities.  Copper,  steel,  and 
high-nickel  alloys  did  not  neck  down,  but  failed  from  the  generation 
and  propagation  of  cracks,  chiefly  along  grain  boundaries.  Temperatures 
at  failure  were  within  the  range  of  300-lli00"C. 

30.  Fox,  A.,  "A  Comparison  of  Ultrasonic  and  Conventional  Axial  Fatigue 

Tests  on  Aluminum  Alloy  Rod",  Materials  Research  and  Standards, 
February  1965,  pp.  60-63. 

Results  obtained  from  conventional  (60  ops)  and  ultrasonic  (17.5  kc) 
axial-load  fatigue  tests  on  dumbbell -shaped  rods  of  aluminum  alloy  were 
oompared.  In  the  ultrasonic  test,  longitudinal  vibrations  were  induoed 
in  the  test  specimen  by  means  of  a  barium  titanate  transducer  and  an 
exponentially  tapered  coupler.  The  ultrasonic  method  used  required  a 
specimen  of  relatively  small  diameter  (0.125  inch  nocked  down  to  0.052 
inch)  because  of  the  power  limitations  and  the  small  amplitude  of  vibra¬ 
tion.  The  specimen  used  for  the  conventional  test  was  O.U38  inch  in 
diameter  necked  down  to  0.100  inch,  and  alignment  of  the  specimen  was 
very  critical.  A  fatigue  strength  of  approximately  i  ll*,000  psi  at  10& 
stress  reversals  was  obtained  in  both  tests.  The  accuracy  of  the  ultra- 
sonio  data  was  estimated  at  ±  12  percent  beoause  of  the  small  speolmen 
oross  section.  It  was  suggested  that  a  more  powerful  transducer  oapable 
of  vibrating  a  larger  mass  at  greater  amplitude  be  used  for  more  accurate 
determinations. 

31.  Honeycutt,  C.  Rv  and  J.  C.  Sawyer,  "Determination  of  Elevated- 

Temperature  Fatigue  Data  on  Refractory  Alloys  in  Ultra-High 
Vacuum",  TRW  Equipment  Oroup,  TRW,  Inc.,  Cleveland,  Ohio, 

NASA  Contract  NAS  3-6010:  CR  5u203,  First  Quarterly  Report, 
July-September  1961;;  CR  51*266,  Second  Quarterly  Report, 
October-December  1961;;  CR  51*3 89j  Third  Quarterly  Report, 
January-March  1965;  CR  fourth  Quarterly  Report, 

April- June  1965;  CR  Sh 775 1  Fifth  Quarterly  Report,  July- 
September  1965}  CR  5l9l6,  Sixth  Quarterly  Report,  October 
1965 -January  1966. 


57 


Refractory  metal  alloys  were  subjected  to  high-frequency  fatigue  at 
temperatures  up  to  3000°;?  in  ultrahigh  vacuum,  using  a  20-kc  hollow 
cylindrical  transducer  of  lead  titanate  zirconate  attached  to  stepped 
titanium  couplers.  The  specimens  were  dumbbell-shaped,  both  smooth 
and  notohed.  Successful  tests  were  made  with  notched  specimens,  but 
sufficient  stress  could  not  be  induced  in  smooth  specimens  of  TZC  and 
TZM  molybdenum  alloy  to  cause  failure,  even  at  7.3  x  10^  cycles  (£03 
hours) . 
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APPENDIX  II 


DESIGN  CF  SAMPLE  CONFIGURATION 


Conaider  a  sample  conf igaration  of  the  general  type  as  shown  in  the 
sketch  below: 


A  sohematic  design  of  the  overall  sample  to  be  tested  is  of  the  general 
configuration  as  shown  between  A  and  E.  The  sample  is  rigidly  connected 
to  a  driving  coupler  from  the  transducer  at  A.  This  point  is  acoustically 
established  as  an  antinode  in  the  longitudinal  vibration  pattern  of  the 
system,  and  for  the  purpose  of  this  analysis  we  will  disregard  any  acous¬ 
tic  impedance  mismatching  occurring  at  the  interfaces  A  or  E'.  The  section 
BD  is  the  actual  test  section  of  the  specimen,  and  it  is  desired  to  maxi¬ 
mise  the  vibratory  stress  in  this  region.  Unwanted  stress  concentration 
will  be  minimised  by  appropriate  design. 

Let  represent  the  longitudinal  vibration  amplitude  occurring  at  any 

point  along  the  test  specimen.  A  general  expression  for  the  variation  of 
with  respect  to  position  and  time  is  given  by 

cos  kx  sin  ci>t,  (3) 

where  lb0  “  maximum  longitudinal  vibration  amplitude, 
k  -  2  nA  ■  *°/c 
A  -  wavelength 
c  ■  velocity  of  sound 
40  -  2nf 
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f  -  vibrational  frequency 

x  ■  longitudinal  coordinate 

t  ■  time. 

Since  we  are  interested  only  in  the  maximum  values  of 
to  time,  we  can  omit  the  time -dependent  term  and  write 

with  respect 

lx  m  So  008  k*- 

( h ) 

The  strain  corresponding  to  this  displacement  is  given  by 

(^)  "  “k  S0  8in  kx‘ 

(5) 

At  point  B  in  the  figure,  assuming  the  origin  to  lie  at  point  A,  the 
quantities  are  given  by 

SB  ■  50  cos  k  X,  , 

(6) 

fe)B '  ‘k  °ln  k 

(7) 

Considering  these  quantities  in  the  reduced  section  BD,  it 
to  take  an  origin  at  the  center,  C,  and  define  values  of  x 
of  C  as  positive. 

is  convenient 
to  the  left 

If  we  set  the  position  of  maximum  strain  in  the  redbeed  section  to  be  at 
this  origin,  then  the  following  expressions  hold: 

3  -  $0  sin  k  x'  > 

(6) 

k  1'0  cos  k  x'  , 

(9) 

where  the  primed  quantities  indicate  the  second  coordinate  system,  and 
•t  position  B, 


“  £'0  8in  k  & 2  >  (10) 

^  -  k  cos  k^2  .  (11) 
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One  of  the  boundary  conditions  at  plane  B  is  that  the  particle  displace¬ 
ments  be  equal  in  both  sections.  Thus, 

r 

5b  -  \  ,  (12) 


which,  when  combined  with  Equations  (6)  and  (10),  gives 

^  y  cos  k  X\ 

"  5o  sin  k  l2  ' 


(13) 


This  expression  gives  the  amplification  of  particle  displacement  occur¬ 
ring  in  the  test  section. 

The  second  boundary  condition  ab  plane  B  is  that  the  forces  exerted  by 
the  two  sections  be  equal  and  opposite  in  sign.  Thus, 

-fb  ■  PB'  .  (11*) 

Force  is  related  to  strain  by  the  general  expression 


F  -  A  E  -2l  , 
d * 


(i5) 


where  A  is  the  cross-sectional  area  and  E  is  the  modulus  of  elasticity. 


Utilising  Equations  (7)  and  (11)  and  assuming  E  to  remain  constant 
throughout  the  test  piece  at  any  specified  operating  frequency,  then 
the  following  equation  is  obtained: 


cot  k  cot  k  £ 2  • 


(16) 


Equation  (16)  therefore  gives  the  relationship  between  the  dimensions  of 
the  test  shape  to  provide  maximum  vibratory  stress  in  the  test  region  of 
the  specimen. 
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APPENDIX  III 


FORCE-INSENSITIVE  MOUNTING  SYSTEM 


Effective  transmission  of  high-frequency  vibratory  energy  into  a  syetem 
under  load,  ae  in  the  complex  fatigue-loading  system  herein  described, 
invariably  demands  the  use  of  force-insensitive  mounting  systems.  Such 
systems  have  been  developed  in  our  laboratory  (reference  2)  end  have 
been  routinely  used  in  a  variety  of  ultrasonic  system”. 

The  application  of  force  through  a  conventional  transducer-coupling 
system  has  two  adverse  effeots  on  the  efficiency  of  the  system:  (1) 
the  system  resonant  frequency  may  shift  to  such  an  extent  that  matching 
or  tracking  of  the  frequency  with  the  frequency  converter  may  be  diffi¬ 
cult  or  impractical,  and  (2)  substantial  amounts  of  energy  may  be  lost 
to  the  mounting  system  so  that  little  is  delivered  to  the  work  area. 

The  damping  phenomenon  is  readily  comprehended  frcm  an  examination  of 
known  acoustic  transmission  principles.  If  a  rod  is  acoustically  ex¬ 
cited  in  the  longitudinal  mode  at  a  resonant  frequency  and  if  no  acous¬ 
tic  energy  is  transmitted  out  of  the  rod,  a  standing-wave  pattern  is 
set  up  in  the  rod;  under  these  conditions  the  rod  can  be  supported  at 
nodal  points  (points  of  no  longitudinal  particle  motion)  with  no  appre¬ 
ciable  loss  of  energy.  However,  as  soon  as  the  rod  is  coupled  into  a 
medium  which  will  allow  transmission  of  acoustic  energy  through  the  rod 
without  ocmplete  reflection  at  the  radiating  face,  the  energy  is  de¬ 
livered  to  the  medium  in  traveling  or  progressive  waves,  and  there  are 
no  nodal  points  associated  with  the  delivered  energy.  In  the  case  of 
complete  transmission,  the  partiole  wave  pattern  becomes  a  traveling 
wave  with  maximum  partiole  displacements  occurring  all  along  the  rod. 

In  any  oase  invo?  'lng  the  delivery  of  vibratory  energy,  mounting  the 
transmission  rod  at  a  so-oalled  nodal  point  results  in  loss  of  acoustic 
energy  to  the  supporting  members. 

When  static  force  is  applied  to  suoh  a  system,  particle  motion  is  re¬ 
strained  and  even  further  loss  of  energy  ocoure.  In  connection  with 
ultrasraio  impaot  drilling,  for  example,  the  transducers  have  been  noted 
to  "stall"  when  loads  of  more  than  a  few  pounds  are  applied  (reference  5>) . 
Obviously  such  an  arrangement  is  ineffective  for  suoh  operations  as 
maohining,  forging,  drawing,  extrusion,  and  the  like,  where  forces  of 
high  magnitude  are  essential. 

The  f oroe-inseneitive  mounting  systems  which  we  have  developed  make  it 
possible  to  mount  a  transmission  system  rigidly  without  loss  of  aooustic 
energy  to  the  supporting  structure  and  withr  t  ohanging  the  resonant 
frequency  of  the  system.  The  foroe-ineensitive  mount  is,  in  essenoe. 
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a  member  surrounding  and  metallurgically  attached  to  tho  transmitting 
coupler,  which  is  an  integral  number  of  half  wavelengths  long.  Ona  end 
of  the  uleeve  is  affixed  to  the  coupler  while  the  other  end  is  free, 
providing  a  couple  into  air,  as  shown  in  Figure  17. 

The  high  impedance  of  this  sleeve  into  air  results  in  negligible  energy 
transmission,  practically  complete  wave  reflection,  and  a  true  standing- 
wave  pattern  in  the  sleeve,  so  that  there  is  an  absolute  nodal  point  one 
quarter-vavelength  from  the  end  where  a  rigid  mounting  flange  can  be 
affixed  without  loss  of  energy,  even  when  high  loads  are  applied. 

This  arrangement  has  the  further  advantage  of  providing  a  means  for  her¬ 
metically  sealing  the  transducer-coupling  system  through  the  walls  of  any 
type  of  chamber,  so  that  energy  can  be  effectively  transmitted  into  high- 
pressure,  high- temperature,  corrosive,  or  inert  atmospheres. 

Suoh  systems  are  routinely  used  in  ultrasonic  welding  equipment  in  which 
several  hundred  pounds  of  force  are  applied.  They  have  been  used  in 
powder  compaction  systems  which  have  involved  loads  of  more  than  100 
tons.  Evaluation  of  one  such  system  indicated  a  frequency  deviation  of 
no  more  than  2  percent  under  loads  up  to  80  tons. 
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Figure  17.  Force-Ineenaitive  Mounting  Devin#*. 
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